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PREFACE TO FIRST EDITION 


The m;ijc»rity of t^'acluTs will ngroc with the Autlnir that 
Intirpaiiic Chtiiiistry prrst-iits a n*al dirticulty to many ni thoso 
beginning the study of this subject. In many casi-.s this arises 
from the inability of the student to correlate and clas>ifv Ins 
(>liservati<ins. Hence the author has <*mleavt)ured to sv.stein- 


ati.scj the subject by gi\ing a more tlian usual prominence to 
the l*erio<lie System. Immediately after eojisidering th«* 
reactions f*f the halogen and oxygen families of <lements, this 
great generalisation lias been developed. an<l in studying the 
remaining elements fr<{[Uent reeoiirse has beej» made* to it. To 
aid the stu<lc-nl still further in correlating and elassifying cln-mieal 
reactions and principles, tln^ ba.sie, amphoteric or acidic pro¬ 
perties of the oxiili'.s have been emphasised, since the probable 
behaviour of compounds derived from the «>xi<les can thus be 
prediet4-d. 

This metliod td development has necessarily resulted in defer¬ 
ring the study <jf the Ionic 'I'ln'ory until the stiuh-nt has niasten-d 
the fundamental laws of the science. In it.self this is no dis- 
.^advantage because the student pa.s.ses straight from the study 
of the ionic theory to the chemistry of tl»o metals, where the 
theory may be most u.sefully npj)lied. 

For the ideas concerning oxidation whi<di have been developed 
in Chapter XI, the author is indebted to Profe.ssor B. D. Steele, 
D.Sc., I’.R.S., who lia.s found this method of dealing with the 
subject of great help to the student when considering the reactions 
and properties of the halogens. 

The author has endeavoured to avoid the introduction of a 
new law or generalisation until it has been found necessary for 
the interpretation of facts already <iescribed, and when the 
development of the subject requires a more exhaustive treat¬ 
ment, a separate chapter or seetioii has been devoted to it. 


V 


VI 


PHEFArK 


Siibsrqurntlv rrl. rciu-cs an- inn<b- to tlir law in onlor to nni^ha 
siso its applications. I'lio u>i’fnl principle of 1.^' ( hati’licr baa 
been introduced at a coniparal ively early stage and fnapient 
rt'feretjces to it will b(‘ fo\ni<l- 

As far as is possible inod< rn technical priK-esses have be<'n 
giv('n, and occasionally the older prota'sscs hav(* la'cn oinitt(‘d, 
but as th(‘ treatise is in no way historical, the retention of the 
latter is not justifie<l. 

d he ImioU wdl be fornid to contain sidlicient for those taking 
the int(Tin(‘<liate scii*nc»‘ cxannnatioFi of the 1. nivcrsitics. I he 
n'dnced length of the book has been secured not by the omission 
of essentials but by the gr(»\ii)ing of the eleinenta in ' families,” 
which mc'thod of trc'atment also brings out the gra«lation in 
propertit's of the ehunents in passing thro\igh the I'erio<lie lal)le. 

In conclusion, the Author wishes to thank his loyal colleagues 
of the rniversities of Queensland ami (’ai)e Town, especially 
Professor H. 'riet/., for healthy criticism, as well as for material 
h('lp in t h(' re vision of t lu' proofs. He is also indebted to l’rofi*ssor 
F. Soddy, F K S., and Messrs, l^ongmans, (Ireen & Co . for 
p(“rmission to make a short cpjotation from ” The Chemistry of 
the Radio-Klements.” 

H.G.D. 

Cai’K Town. 


PREFACE TO THIRD EDITION 

The main alterations in the text centre round the changed 
OFitlook towanls the anomalies presented by strong electrolytes 
and low'ards valence. The last chapter in particular has been 
subject to considerable extension in onier to give, to the ix'ader 
a broad outline of the modern conception of valence. 

H. G. D. 


Chkistcuurcii. 
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CHAPJ^R I 
INTRODUCTION 

Facts and their Observation.—Tlie aim of science is the 
acquL-ition of knowledge concerning the njiiltiplieity of natural 
objects found in llii.s universe, concerning the plienomena uhiefj 
occur when these objects undergo change, and of the i)rineij)le.s 
which govern these changes. The beginning (jf science dates 
from the earliest recognition of individual plienotnena, from the 
earliest observation of a fact, and it is no exaggi ration to snv 
tiiat every well cstahli>ljed fact, <*very piece of experimental 
evidence, records a tlistinct advance in our .M-ientific knowledge. 
Science, then, is built upon facts : these have been likened to 
the bricks of ubi< h a stalely eriilicc is conif)osed. 

The actual oh.-t rvation and truthful record of what aetuallv 
happen.s, tlte j)r<-< ise observati<m of the fart i.s often extremely 
dillicult to make faithfully. An unconscious teruh nej’ to ignore 
those results w hich are likely to <’onlliet with the experimenter's 
preconceived ideas i.s all too common with the untrained observer. 
Especially dillicult i.s tlic tracing of the fact to its canf^r. No 
more excellent example of this i.s to he found in the annals of 
chemistry than the task whieli Lavoi.sier (177U) set himself—to 
determine whellier wat<'r can he ehangecl into earth, as was 
thought by the old jjljilosophers, and still is thought by some 
chemi.sts of the day.” 

Amongst the statenwnt.s quoted in favour of this contention 
is the fact tliat plants grow freely in pf)ts, a])parentlv deriving 
no nouri.shment other than from the water su]>])lied to them, 
yet they thrive and grow. Does not tlii.s argue a conversion 
of water into woody libre ? Another fact which was uften 
quoted in support of the conversion of water into earth was the 
observation that water, no matter how often it had been purified 
by distillation, always left an eartii-likc residue on evaporation in 
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pliiss vossi'ls. That tho <>l)scrvc(l fact. Tlic older cliomista 
attiilmtcd tlic cause of this to a conversion of water into earth. 
Lavoisi. rdoul)1ed the accuracy of this inh-rence. To test Ins view, 
he lu atrd a considerahle volume of water for -some montlis in a 
sealed flask, the total weight, as well as the individual weiglits 
of the llask and of the water, being known. At the conclusion 
of his ex|)eriment, tlic fact which ho oh.servcd was that tlie 
weiglit of the flask and the water contained therein remained 
unaltered, althougli he could see solid, earthy particles floating 
about witliin tlic Husk. Tlic flask was emptied, and the water 
with the earthy residue carefully evaporated to dryness. Tlio 
fact.'t observed wen* that 

(а) the flask liad lost weight; 

(б) tlie weiglit of the earthy residue removed after ova]iora- 

tion of the water almost exactly equalleil the loss in 
weight of the flask. 

This exjierinu'nt (‘iiabled Lavoisier to trace the genesis of tho 
“ eartli ’’ not to a nu'tamorphosis of the water, but to the glass 
walls of the vessel in which the water had been heated. 


Methods of Investigation.—The vast accumulation of facts 
whicli patic'iit research ha.s placed at the disposal of the acientist 
i.s tlic result partly of the observation of naturally occurring 
jihcnomena, e.g. tidal movements ; more often, however, they 
are the result of the observation of experimenta expressly 
tlesigned for some particular purpose. The difference between 
the observation of n naturally occurring phenomenon over which 
we are unable to exercise control and of an experiment which 
wo ourselves have ])lanned is well expressed by W. S. Jevons : 
“ Where wc merely note and record the phenomena which occur 
around us in the ordinary course of nature, w’e are said to observe ; 
when wc change the course of nature by the intervention of our 
will and muscular powers, and thus produce unusual combina¬ 
tions aiul conditions of plienomenu, we arc said to experhnent. 
Our experiment differs from a mere obscn*ation in the fact that 
we more or less influence tho character of the events which wo 
observe.” 

It will be noticed that the essential point distinguishing the 
carrying out of an experiment from the mere observation of 
some natural phenomenon is that we are able to control the con- 
ditions under which our experiment is carried out. Every factor, 
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Buch as teiiiiioraturo, pressure, concentration (amount dissolve,] 
per litre), nine), can eonceivaldy exert an nillnenee uimn the 
expernuent winch we are ohservin-; must l,c broueht under 
control. In our search for new facts we must keep under ahso- 
ute control all such factom ; th.-n and then only are w,. likely 
to be able to carry out our expernnents umh'r reprodinahj,. 
cond, lons, and to obtain results which are in themselves r,.pro. 
due,hie and therefore worthy of being accepted as facts. k 
second point to he observed in an cxtemlcd series of experiments 
planned with a definite object in view, e g. to test an hypothesis 
ttinch hn.s been put forward, is that nner more Ihun one farior 
shouU be tar,e,I at the same time. If, for example, the .hsircl 
reaction does not take jilacc at the temperature liiwt chosen it 
■should be repeated at a higher or lower temperature, hut no 
other controllable /actor such as concentration should be varied. 

bo much, then, for the manner in which an inve.stigator shuukl 
work. As far as the actual choice of a .suitable subject for 
experiment m concerned, two methods stand out. The first of 
thc-se ..s the ‘‘empirical.” that usc^d by such an investigator as 
Joseph Pruhstley, the discoverer of oxygen. Tlii.s di.seoverv was 
the result of his trying the effect of heat upon a large numi>er of 
Hubslancc>8 el.osen at random. Such a metl.od is tedious 
laborious and rarely leads to discoveries of fundamental innKirl-’ 
unce. Ihe method of the true scientist i.s dilh-rent. He moves 
onward by steady sUfp.s, building Ids bridges as lie goes. Kv.tv 
jtdyance lie makea lh the reault of logical and clear rcaaonin.:. 
^o finer example of tins type of investigator is to be found i^ 

nv,.rf of 

ilidw f "7’ *" “oliievcmcnt, 

Sbdway between these two groups of iiivestigators-tlio empi- 

riewt and the true seientist^Ues the group th.at works by 

mutuon. As examp es of euoli men, Davy and K,unsay sbii,;! 

anni.ar t b"'° 1 achievements of tlie.se inyexstigators 

insCation Th 7 'iK'‘“>i'ig likc intuition or 

d“L?errth “'O'" ‘o their 

structed Ifter "-“oning is niksing and niii.st he eon- 

Whotime after “‘o- 


The Classification of Facts.-It is the work of the scientist 
to classify and coordinate the facts, the records of observation. 
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From tbo carofol .stialy of many a,>,iari.ntly diverse ol.scrvations 
he is i\hU- to uniavel uiiiforniiti. s. to pick out tlie elcinents o 
Rauu-ncss nmon- apparently dilTcrcnt phenomena, and in this 
wav he is able to clas-ify the records of observations, and out 
of the wliole there emerges an oreanisod hotly of knowledge—a 
science Science, then, is an organised body of knowledge, 
lint owintr to tile oinniscient ranine of science, it has become 
neccssary'to sul.divide science into various branches, and so 

we liavc 

(ri) abstract sciences—logic, matlieinatics. astronomy; 

(6) concrete sciences such as zoology, botany, geology * 

(r) abstract-concrete sciences—jihysics, chemistry. 

'I'he actual line of demarcation lietween kindred sciences such 
as phvsics and chemistry is very dilVieult to draw, indeed it is 
becoming increasingly dilhenlt to determine whether such 
hianelies" as electro-chemistry arc to he assigned to the one 
science or the oilier. 

Chemistry deals with the study of the different kinds of 
matter in the universe, of the ultimate composition of 
matter and of the phenomena which occur when the 
different kinds of matter react one with another. The 
study of the jiroperties and the ultimate composition of different 
kinds of matter is dealt with in the branch known as Descrijitive 
('hemistry. and embraces that portion of chemistry which is 
. essentially concrete, whereas the consideration of tlic racchanism 
I of reaction of one substance with another leads us into the more 
j abstract i>ortions of the science, into the branch known as 
Thcontkal Chemistry. 


The Formulation of Hypotheses, Theories, Laws, 
i^^^fter the facts relating to any particular phenomenon have 
been made the subject of observation, a guess must bo made at 
the possible cause of the effects which have been observed 
vSiich a.guess at the truth constitutes what is known as an 
hypolhcMs. However probable an hypothesis may seem, there 
is necessarily involved in it an clement of speculation. It is to 
determine wiielher such speculation is justified, that experiments 
must be devised to test the hypothesis. The formulation of the 
bj’pothcsis does good work in suggesting further experiments 
wiiich should be undertaken in order to determine whether the 
hypothesis is to be retained or rejected. Even if rejected, the 
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hypothesis in its death agony has done a useful servi, ,• to science 
in sugpting a senes of experiments which should he carried 
f. ougd,. Ihe path of science throughout the ages is httern! 

Occasionally it liapjiens that more than one hviiolhesis may he 
put foruard to account for the ohserv,.,! facts i„ s„eh a case a 
ercrcf cx,„.numnt must he devised to ileteru.iue uliieh oue of 
die ivals must he saerifiec.d. In the earth-water eMpei imeiit of 
Lac ,1 ler desenheil ahove. tlie jilausihlc hvpolhesis U.at the 

I.d s of the Mask and were condensed ns ..arth, uas destroyed 
> the erueia exi.cnment of weighing the Mask and its cunt,'.,its 
he 0 , 1 . null after the ex,ieri,iunt^ Xo change of weight oeeiim.d 
and this hypotliesis must therefore he ruled out. An hviiothesis 

eotalliished Uh. n it lias heeu riglitly 
tfSlcd I»y i-xpcntiifiit and has survived the ordeal ^ 

After an hypothesis has been th..ro,i;;hIv t. .1e.I hy experi- 

mints deciscd to determine wl,ether the hypothesis does really 

explain uhat it purports to explain ; wllei, it has taken its 

r,ilitv ' 1 "'“'" ■' K'loi't- 

; I ■' H ‘ I ’-' '■'•■‘^"">1 nf expeiinient ; then, and thou 

inly s thehypritliesiseiititlod to rank as a yVicory. .1 Ihrori, is 

« we.ll‘Csluh!t.sltii} lii^pothtsSh. ' 

Out of an 1-ypothesis there may emeri:e a throry ; the tlicory 
rnay develop into a law. ract.s of a like kimf are carefully 

ich uiJI cover some feature common to all the facts iimicr 
jnhideration. The formulation of the generalised statement 

fre m c ’ '"’I “ " i-easoning. We are led 

ypothesrs is then tested in tlie inverse way l,v heing applied to 
he exiilanation of new phenomena. Tliis is cW„ctm„. , hieh ^ 

nanj must be true of other individual ea.ses Sboulfl th.v 

hecomt'a tfeproees.ses, it 
iccmncs a theory ; and when the theory liecomes firmly estah- 

Imhcd, It pas.scs into a recognised Law of Nature. ^ 

-No*Lro°';ir‘k " ‘he Calcination of Metals. 

Ao more striking example of tho manner in nhieh a false 
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l.vpotlHsis l.;,s \,<Tn put forward to cxplaiu certain oxprrimo.dal 
results, an,l ii.udly uproote,! l.y .uoans of a care ully deigned 
erueial experiment, is to be met in tlie stmly of chemistry than 

tliat afforded l,y the I’hlopiston llypntliesis. 

As earlv as the eiKlith century tin- Araluan ehemist G< her 
„,,,|e tlie discovery that, when metallic lead was eale.ned (heated 
air the resulting calx proved to he heavier t nan the metal 
from which it was formed. All throuoh the Middle Arc.s it w.rs 
felt that when suhstanees hum with the production of llame 
the same' phenomenon was involved as when metals are converted 

into tlu’ir calx. , 

Tin- fimt clear eonee,.tion of the phenomenon of 
wa.s put forward hy lieeher (Ui:!.V l(iS2) and Stahl (Ui(,()-1 ,.U). 

(V)inl»»stil)lc sul.stanccs were assumed to consist of a certain 
iuilmnvmhlc principle or phlotjiMon c.unhinecl witli the calx (the 
product of the comlmslion). When combustion took place. 
th(‘ phlogiston escaped, the calx remained, ami in (^rder to 
regenerate the combustible matter, the calx must be heated 
wlUi a substance rich in phlogiston, c.g. carbon, sulphur 

Combustible substance—V phlogiston d-calx 
Calx d-]>hlogiston-^combustible substance 


(Huppliotl by C’arbon). 

T\m liypothosis brought into line the various experimental 
results given by the combustion of metals, pbosphorus, etc., and 
explained too the regeneration of the metals liy lieating the 
calx with carbon. Rut one point it did not explain. It failed 
to make clear irhy the cnix uas heavier than the Stahl and 

bis supporters then advanced the view that phlogiston actually 
pos.'^cs.sed the property of levity, which is equivalent to saying 
that phlogiston, in contradistinction to all other substances, 
possessed a negative weight, so that, when it escaped dur¬ 
ing combustion, the resulting calx became heavier. This 
hypotliesis was accepted widely as a suflicicnt explanation of 
the plicnomcnon of combustion. Key (1C30) showed the weak¬ 
ness of the liypothcsis in his experiments upon the calcination 
of various metals in air, as a result of which he was led to 
the conclusion that this incrca.se in weight came from the air, 
but it was left to Lavoisier (1774) to east the pldogiston 
hypothesis into the scrap heap of science and to replace it by 
the Tlieory of Combustion which is held at the present 
time. 
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Lavoisier’s Experiments upon the Calcination of Metals. 
—Lavoisior weighed a retort full of air, and detorniiiH^d liie 
weight of a piece of tin. This was plaeetl in tlio retort, the tip 
of which W.1S then sealed off. The reUirt was heated in a eliar- 
coal fire. The calx was formed within the retort, and wlien no 
furt/tcr calx uxi.<i the appamfu^t tm-? w>igh,l. So ch-inge 

m U'cirjht had oreurred in the closed vcs.^l, ],ut when the Husk was 
opened, air ruslied in. 

Fn>m his various experiments he conelud.^d 

1. In a given volume of air a certain fixed ijuantity of tin 
can l>e calcined. 

2. Thi.s quantity is greater in tho large retort than in the 
small one. 


3. 'J'he sealofl retort, weighed before and after tho oxjjeriinent. 
showefi no change in weight, wliich prove.s that the increase in 
tlie weight of the metal, due to its conversion into ealx, doe.s not 

arise from the penetration of “ fire matter " from the Hamc into 
tho ve.ssel. 


4. In all calcinations tho iiicrea.se in weight of the metal is 
practically eijual to the ^^eight of llie air absorhed iu tho calx- 
Still further support of hi.s 


coneiu.sions wasgivmi by Ids 
experiment.s upon the calcin¬ 
ation of mercury (Fig 1). Ho 
placed a weigheil quantity of 
mercury in a retort w’ithan 
S-shapod neck which dippofl 
under a belljar, floating 
upon mercury. Thus there 
W'as connection between tlio 
air of the retort and of the 



belljar. The volume of the air in the belljar W'a.s markctl and then 
the retort wa.s steadily heated. After two day.s, red specks were 
Hccn floatingon the surface of the mercury. These inereaswl in 
«izc and number and at tho same lime the volume of the air in 
the belljar diminishc<l. After twelve days, when no further 
change either in the volume of the air or in tho quantity of the 
red precipiUte” could bo detecUxl. the experiment was 
stopped, and the volume of “air” absorbed by the merciirv 
measured. It was about 8 cu. ineliea. The air wldeli wius left 
m the retort unab.sorbcrl by the mercury, extinguished a burning 
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c. 1 !k 11 o, nn'l sufTncatcd a mouse. Tlii.s residual air Lavoisier 
named n'.olo ((Jk. without life), known now as nitrogen. He 
gathere<l tlie red preeipitate and eollected the gas cvolvetl by it 
wluMi it was lu’ated. In this way lie obtained about S cu. inclies 
of a gas wliieh iiad the property of causing a candle to burn 
brilliantly, anti of sustaining lift' in a nunist'. 'lliis gas lie called 
vital i)i>\ nt)W Isiiown as oxygen ((!k. acid-]iri>ilucer). Tn this 
way La\'oisier establislu'tl the coinpositt* nature of air, tliat it 
ctinsists t)f two gases, oxygen and nitrogen, of which oxygen 
alone is able to sujiport life and to combine with metals during 
calcination. Moret*ver by mixing nitrogen anti oxygen in the 
proportions in which he had obtaint'd tlu'in from air. he was able 
to ftuiu a gas whieh possessed all the propt*rtii'S of atmospheric 
air. In reptuting his results, he passed the following scathing 
ctuidemnalitm ttf the lMd<»gi.ston hyjiothcsis : ‘ Sometimes this 
principle has weight, anti sometimes it has not ; .sttmetimes it is 
free fire and somt'times it is fire combined with tiie earthy ele¬ 
ment ; sometimes it passes through tlie pores of vesseLs, some- 
time.s these are impervitnis to it ; it explains transparency and 
opacity, coltuirs and their absence ; it is a veritable Proteus 
changing in form at each instant.” Lavoisier then ])roceeiled to 
put forward his own tentative hypothesis to explain the facts 
which he had cstablUhed, from which lias emerged the present 
day theory of I'ombustion (< 7 . 1 '.) and of oxidation. 

Specific and Arbitrary Properties.—If one chooses and 
compari's a numher of pieces of iron, we find tliat, although W'O 
are unable to alter certain properties sucii as colour, weight, 
which arc common to all such samples of iron, other properties 
are cnjiable of alteration. For instance, tlie iron may be heated 
or chilled, i.c. its temjierature may be altered, or its shape and 
volume may he altered. Such 2 )foj>crlics which arc cajxible of 
altcrntion bij the hand of wan arc known as arbitrary properties. 
The study of these properties belongs to the domain of Physics. 
Properties which are common tn all samples of a particular sub¬ 
stance and which man is unable to alter (e.g. melting point, boiling 
point, colour, odour, solubility, etc.), arc knoicn as specific pro- 
^pertics or properties common to a species. Chemistry is con¬ 
cerned with tlie study of the specific properties of substances 
The specific properties arc constant for all specimens of a par¬ 
ticular substance, but the arbitrary properties may vary from 
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speoimon to sp.cimon. Tho study of the spooific pro,,o.tu..s of 
substances i.s of the utmost i,nport,u,f,,r sub-t.luees are 
ecoeiiised as being alike eliciiiie.illy uhen il,e\ |,oss,.,s s,mi|.,r 
sr«icitic propeities. It is not iieeess.iry to eoiiipai'e more tl. ,ii i 
eu s,H-eific properties of the diliereut speei,„,iis, for it iias i,eei, 
Olliid l.y experieiicc that, if the .-peeiillelis line a feiv .-peeilie 
properties iii eoiiiiuon, they ui|| agree ii, all .such pmpeities 
Besides beiiig elassilied aeeor.liiig to their iiitiiiiate iI.eiiiKal 
composition, 1.0 aceoidiiig to their speeilie ,„ope,,i,.s. a louitli 
cla.s.silieatloii of .substances may be made bv classing il,,.,,, 
accf)rrJijijr tln ir Innnogrn^ity. 

trem'Mr'r*?," "inch appear hCero. 

guiious to the iiakcsf eye or to the tiiicroscope. can at once be 

ch ssed a.s nii.vtiiri s. Siieh a lui.Miire. lacking as it is in iini- 

iriiutt. eati be resolved into its coinpoiient parts bv takum 

ndvantage of the diliercnee in the speeilie pioperties of the 

substances of uliich the nii.xtiirc is made. (leeasiouallv the 

theinist takes advantage of the dlli.nnn 

btltiieiits ; for example, a niixtiiie of liuelv diviiled clav and 

iron fl ings can be ... eliilriatioii. i.e. the hehteV clav 

particles arc Hashed luvay from the dcn.ser iron lilings. Ma„v 
ores Minch are used m nietalliirgieal processes are giouiid and 

h^ r rt"l' ' "'‘"''i percentage of 

he Mor l,le.ss earthy dro.ss. The valualile mniei.ds co.itai.ied 
1^1 tilt ore's jiro tlicrchv crmccn- 

tratod HO that tlitir ultiinalo 

separation hooomes cconomioallv 

po.ssible. A|rain one may revert 

to the (lilTerence in the melting 

I^int to elTect tlie desired sejmra- 

tion; a mixture of parallin and 

bruHs filings may he separated hy 

beating the mixture to a sulii- 

oiently high temperature to melt 

the parallin, hut not tlic filin<:s, 

after \Hiieh tlie Keparation ean 

bo comjdeted hy tlie use of it fine 

Kieve. Tliis ia esHentinlly the 

«arne as the procaia of ftUkVum, in whieh onoof the constituentH, 

atcr, IS lj,p,„j at ordinary temperature, while the sieve is 
replaced by a filter paper (h'ig. 2). 
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In (itluT cases, tlic separation is made by expelling one con¬ 
stituent bv convening it into a vapour. This is based upon tho 
flifjcrrncc in lolnliUti/ of the dilTerent constituents. Iodine and 
sand inav be completely separated by gently heating the mixture, 
wlicn tlic iodine rohliihrs and may be condensed on a cold 
surface. The noi^-volatile saml remains. 

Again, matiy sub.stances arc magnetic to a greater or less extent, 
otlicrs lack this ])roperty entirely. A mixture of iron filings and 
sand can bv at once scparatcil by taking advantage of the mag¬ 
net i<* pt(.|Kuties of the iron. During recent years, increasing use 
has hecn made of this property for concentrating the valuable 
minerals present in impure ores. 'I'he powdered ore is crushed 
atul .some of the valuable constituents are then removed by tho 
use of a suitable electro-magnet. 

AnotluT spccilic projierty which is often called into rcfpiisition 
by the chemist when he is sorting out a mixture is the difjcrcncc 
ill solulillih/ the amount dissolved inagiven quantity of the 
solvent). Water, especially if hot, di.s.solves sugar freely ; biit 
neither hot nor Cold water is able to dissolve sand or iron. Tlic 
sidistance potassium permanganate dissolves in water, forming 
a deep purple solution, but it is quite unable to dissolve in ether. 
The iodide of mercury dissolves slightly in alcohol, though it does 
not <lis.solve in water ; cobalt chloride dissolves in water, forming 
a pink solution, wliilst aleolujl gives a deep blue solution. Nearly 
all substance.s become more soluble as the temperature rises. 

From these cxamijles it is seen that the solvent necessary to 
bring any particular sub.stnncc into a state of solution must bo 
carefully sought out. Because water dissolves potassium ])er- 
manganatc and sugar, we are not entitled to conclude that it will 
al.so dissolve mercury iodide. The solubility of a substance is 
therefore conditioned not only by the temperature but also by the 
solvent chosen. 

A great deal of use is made in industry of the fact that each 
substance posses.sc3 its own distinct solubility in a particular 
solvent at a chosen temperature. Gold, for example, can bo 
entirely removed from earthy matter by dissolving it in a dilute 
aqueous solution of potassium cyanide, from which it is aftcr- 
ward-s recovered. A inixturo of alum and sand can also bo 
separated into Its con.^tiluents, because one of them, the alum, 
is freely soluble in water whilst the other is not. The mixture 
is treated with hot water, allowed to settle, tho clear liquid 
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(iccontcd through a filter paper, and the residue several times 
extracted with water. In this way the sand may he collected 

upon the filter paper and the alum can be recovered from the 
filtrate. 

I he .separation of a hotnogcncou-'i solution of alum in wat<T 
trhrrfin every jxirticlc of fluid ha-^ (he ftamc jfmperlie.^, Ls getu'rallv 
hnuight about by expelling the more volatile constituent in the 
form (jf vajjour. The water Is slowly driven off by heating, and 
the time soon arrives when the remaining .‘W)lvent can no h)nger 
retain in solution the whoh' of the dis.solved sub.stanee, aivl a 
tiepo.sit of fine crystals of alum separates. Crysfallisation has 
set in. 


If the soluti()n con.sists of one liquid dissf»lved in anotlxu-, the 
reparation is mad<- I)y the prorrM.t of distillation. Each of the 
sulj.stances <»f which the s«ilution is formed has its own eharaelcr- 
istie boiling point. If the .solution is boiled in the apparaln.s 
shown in I'ig. 3, the vapour which escapes into the water-cooled 
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condeiiHer conri.st.s in general almost entirely of the substance 
which hoils at the lower temperature. 'I'hr mon' volatile liquid 
is collected in the receiver, the liquid of higher boiling jaunt 
remaining in the distillation flask. 

Ihc separation of a homogeneous mixture, whether of Ii{juid 
in liquid, or of solid in liquid, can only be made through tlio 
inerliura of another phase. A jiliasi* is a disereU' j)art of a 
beterogeneouB system, which iBeajmbleof mechanical s^q.aralion. 
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During tlie distillation the vapour phase is fonnod. and this 
vapour phase has a (liffnrnf composition from the r> .‘<i(lual thpud. 
The same remarks ai‘i)ly to the (•rv>tallization of tlie solution of 
alum. Tlie eompo>ition of tin* ga>eous phase expell«'<l during tlio 
evaj)oration is (piite tlilTi renl fiom tlie eomf>osition of the residual 
soluti(*n. The latter slowly changes its composition until yet 
another phase, the pure .solid alum, api)ears. 


Chemical Chantic. If a ])iee»‘ of magnesium wire is heated 
in the air. there is a hlinding Hash and nothing remains hut a 
line white powder, 'the speeilie prop(‘rties of this suhstanec 
are entirely dillerent from the speeilie jnopt'ities of the magnesium 
w ire. The change w hieh has oeeurred is very deep seated, (juito 
ilistinet from tlu‘ ]»hi/-<ieoI change whicdi a solid undergoes when 
it melts, forthen' it isonly neee''sary to cool the li([uid slightly 
in order to coincrt tin' lit|uid hack into tin* solid. 'J'he formation 
of the white powder frcun the magnesium wire is a good example 
of what is known as a chemical chantfc inrolriiuj the formation of 
a cfumical compound. A chemical chanijc leads to the formation 
of a new compound nhich possesses specific properties different 
from those of the suhstanec from irhieh it Is made. 

To take another example. If finely dividi-d copper dust is 
mixed with flowers of sulpliur, the lieterogeneity of the mixture 
can he easily detected by means of a pocket lens, also by the 
fact that we can dissolve the sulphur away from the co])per by 
taking advantage of its great solubility in a liquid known as 
carbon disulphide. Rut if a mixture of equal parts by weight 
of copper and sulpliur is heated in a test tube, the mass suddenly 
becomes glowing hot and tliere is left a dark, Imrd mass. If 
tliis mass is rapidly washed with carbon disulphide in order to 
remove any supertieial particles of sulphur, dried and tlien 
, powdered, no sign of heterogeneity is revealed, even under a 
; powerful micro!«cope. nor can sulpliur any longer be dissolved 
out by means of carbon disulpliitle. A new compound, known 
• as copjier sulphide, whicii tlie student will afterwards find docs 
contain .sulpliur, ha.s come into existence, endowed with its own 
specific properties of liardness, colour, solubility, etc. 

In the cla.ssic experiments of Lavoisier upon the calcination 
of mercury in air we have yet another example of cliemicnl 
change. On heating mercury in air, lie found that it became 
covered with reddish scales through the combination of the 
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mercury ultli o\y;.'C‘n of llic air. \Vh<'n this rcfljli-h powder 
(mercury oxide) was stiouelv lieatctl lie lecovelf-d tlie uXVl^'U 
again, and also obtained the mercury in llie form of a bnglil 
metallic mirror on tlu‘ cooler }>art.s t>f his ajijiaratus. 

If th(“ red iodide of meieuiv is heate«l there is a siuldtm 

change in colour to yellow. The reverse change takes jilacc on 
cooling, 1.S this change analogujus to the purely physical ihange 
which a jiiece of gold wire undergoes on being healed in a flame, 
or is it of a more det-p-s<'at<‘d nature, involving chemical ehajige ? 
No purely chemical test enables the chemist to detect any 
difference between these two modifications of mercury iodide ; 
just as, from the chemical point of view, there is no difference 
between ice and water, so here there is no distinction between 

these two varieties of mercury iodide. 

«> 

Energy Changes during Chemical Reaction.—If a strip 
of zinc is placed in dilut<i suljiliuric acid, a vigi>rou.s reaction 
lakes jilace. Tliere is a brisk evolution of gas, the zinc strip 
is rapi<lly eaten auay and paNses into solution, ami if a ther¬ 
mometer is placed in the solution, tliere is found to be a marked 



rise in the temperature of the solution. If the solution is after, 
ward.s evaporated, white erystals of zinc suj]»hate can be obtained. 
The solution of zinc in sulphuric acid can, however, be effected 
in a somewhat different manner. 


In a beaker put some dilute sulphuric acid, and also a strip 
of jilatiriuin and of zinc, both of which are connected to the 
terminals of a galvanometer by means of a copper wire (Fig. 4). 
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As s(K)» ns the zinc atul ])iatinuin strip are immersed, t!ie needle 
of till' ^alvjinoiiictor indicates the passage of an electric cuiTcnt, 
'I'he zinc is sl»>wlv corroded, i)a.ssing into solution. The 


hubbies <.)f gas again make their aj)pearance, this time, however, 
on tlie surface of the ])latinum. During the whole time the zinc 
is pas.sing into solution a steady current flows through the circuit, 
and tfurc is Jio apprcclahic rise the tonperature of the solution. 
Although the gas was liberated at the surface of the platinum, 
no change whatsoever in this metal can be detected. 

Crystals of zinc sulpljatc may again be isolated from the acid 
solution. Ry a suitable arrangement we have managed to 
bring al)out the formation of zinc sulphate with the production 
of an (“leetric current instead of the evolution of heat. 


Now place the solution of zinc sulphate in the apparatus de¬ 
picted in Fig. 5. Two platinum strips, connected to the terminals 
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of a battery, ^vith a galvanometer in circuit, are placed in the 
liejuid. A current of electricity immediately flows through the 
solution, bubbles of gas escape from one platinum strip, whilst 
bright metallic crystals of zinc begin to grow from the other 
strip. Metallic zinc has been formed by the decomposition of 
zinc sulj)hatc, brought about by the passage of the electric 
current through the solution. 

These experiments are very important for they bring homo 
the fact that electricity may be consumed or produced during 
a chemical reaction. 

Furthermore, if a little mercury and iodine are placed in a 
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mortar, moisfenefi with alcohol, and then vignrouslv nihhed witli 
a j)e.stle, red cry.stald of mercuric iodide are f.irmcl. In otliei 
cases, chemical decomposition is hrou<;ht about at the ('xpen^e 
of niechariical energy. A speck of nitrogen iodide h/.e.) if 
struck with a hammer will explode witli extraordinary vi.)lence 
Mfrhunkal aif.rgy vuiy, thenforc, bring about chrmiail narliom' 
whilst the well-known ofTocts due to the explosion of various 
eompounds sjieak sufliciontly as to the meoluinieal energy uhieli 
IS made available in certain chemical decompositions. 

Chemical Energy and its Relation to other Forms of 
Energy.—If an electric current is passed through the filament 
contained in an electric light bulb, the filament immediatclyhc- 
come.s a source of light. The pa.ssage of the electric current heats 
the filament to mcandcscence, and we have as a result a conversion 
of electricity into light. In the same way we notice that, if a 
tlun platinum wire is immersed in a beaker of water and a current 
id electricity passed tlirough it, the temperature of the wat<*r 
rises. Electricity has been converted into heat. The student 
of Physics Is familiar with the thermo-cell which converts heat 
into electricity and with the selenium light cell which brim^s 
about a conversion of light into electricity, whilst the change of 
mechanical energy into heat is known to all. In order to correluti- 
our idcius concc'rning the inter-relations of heat, light, clectricitv. 
etc., the hypothe.sLs has been fonmiIate<l that hmt, light] 
tUxXncity and mrxhanical cnfirgy are all forms of w hat is knowti 

a« emrgy. No better definition of the concept cm rj/y exists tlian 

that formulated by Ostw-ald. “ Energy i.s work, and every other 

thing winch can arise from work or be converted into work.” 

^ Careful experiments on the transformation of one form of energs’ 

into another Uul Mayer (1842) and others to conclude thui 

whenever one form of energy is transformc-d into another form’ 

of energy, e.g. electricity into heat, no loss of energy whatsoever 

occurs. From a given amount of mechanical work it is possible 

to obtain certam definite amounts of electrical work, light heat 

etc. and when these are rc-converted into mechanical energy’ 

exactly equivalent amounts of this form of energy are obtained! 

Ihifl quantitative relationship concerning the various forms of 

energy is often formulated in the Law of Conservation of Energy • 

The amount of energy contained within a sealed system k 
constant, and unalterable.’* 
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At first sljilit. tliis law aiipcars to clash with the results of 
expcniiuMits wliiOi have ahvatly been discussed. Whence did 
till' licat enor<:y arise whieh became manifest when copper and 
sulphur were heated togetlier ? What was the source of energy 
tliat was resp()nsii)le for the creation of electrical energy when 
zinc dissolved in sul])huric acid? In the latter case we began 
with zinc aiid sulphuric acid. During the solution of the zinc 
an electric current was generated, but during the whole of this 
time, zinc was [lasting into solution, forming zinc sulphate and 
liberating a gas. This may be c.xpressed in the eejuation, 

Zinc and sulj)huric acid—y 

zinc suljihatc and gas -f- electrical energy. 

In the chemical reaction between copper and sulphur we have, 

Copper and sulphur copper sulphide + heat energy. 

If the assumption is made that urtit (jiKHifitics of all forms of 
mnitrr have nssoriatnl nilh them dcfinUe amounts of chemical 
inerrfi/, these results at once fall within tlie province of the Law 
of Conservation of Energy. 

Whrmrer a chemical rctirtion occurs, a change in the cnergg 
content of the si/sfem takes jtlacc. This is seen in the generation 
or absorption of heat, light. eUctricitij or other forms of energy. The 
final product of the reaction contains a ditlcrent store of energy 
from what the reacting substances contained. As a rule, chemical 
energy is converted into heat energy or vice vers^i. Reactions 
which are accompanied by the evolution of heat are known as 
Exothermal reactions ; those in which heat is absorbed are classed 
as Kndothcnnal reactions. 

At the same time, although chemical reactions are attended 
by energy changes, it must not be concluded that all energy 
changes arc neces.sarily associated with chemical reactions. Ico 
changes its state, jiassing into water, as soon ns the requisite 
heat is supplied ; iodine can be vaporised by the application of 
heat. These changes are physical, not chemical. 

Elements and Compounds.—It was Lavoisier who first 
expressed in precise language the fundamental distinction 
between “ clement ” and ” compound.” His experiments 
upon the nature of the atmosphere, upon the decomposition 
of mercury oxide into two substances, mercury and oxygen, 
which resisted all efiorts directed toward breaking them down 
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into yot simpler substances, led him to pul forwnnl the follottinp 

“ If we apjily the term elements or j)iin< i|)hs to bodies to 
c\i>re>s our idea of the last jM.iiit whieh analysis is eaiiable of 
re.ieliiiij;. we must admit, as «-lements. all .•'iil»''tan('e.s into wjiieh 
T\e are able to reduce bodies by deeomjio.'ition. Not tliat uc 
arc entitled to anirm that these substances wliioh we coiisiiler 
as sinijile, may not tliemselvcs be compounded of two. or even 
of a ^neater number of more simple juineijde.s ; but since the.^e 
I'linciples eannr.t be sejtarated, or rather, siiu-e we ha\e not 
hitherto discovered the means of sejiaratin^ them, they are, 
uith I'cgard to us. as simple substances, and \vi* ought never to 
sujipose them eompoumled until cX|Kriment ami ohservatiun 
have proved them to he S4».” 

His failiin? to break down lime and mngne,sia into their 
clr-iiieiUs h-d him to e.vpre.ss the view that “ we are certainlv 
entitled to consider them simple siihstiinees until, mir (fev- 
covrric.i, their con.stituent elements have been ascertained." 
Some time afterwards, Davy j.roved tlie coinj.o.Mtc nature of 
these suhsfaiice.s by means of an ele< tric current. 

It Ls surpri.sing, in view of the statement above, that Lavoisier 
maintained that “ oxy-muriatic gas," now known a.H chlorine, 
was a compound gas containing oxygen, for no experiments ever 
succeeded in proving the pre.sencc of oxygen in thi.s gas. Davy 
maintained that, until the presence of oxygen in oxy-muriatic 
gas had been definitely c.stablished. tliLs substance must be 
looked u])on n.s an element. His view ultimately prevailed. 

As a working detinition of an element the following will servo: 

" An element is a substance which has lUfver been broken down/lj 
into other forms of mutter by the aid of energy which is under thq^ 
control of man.” 1 

Ao/f. Recent advances in certain brandies of chemistry out¬ 
lined m the last chai»ter, nece.ssitatc a widening of the detinition 
of an element often quoted : “ An element is a sub.stanco which' 
has never been shown to contain more than one kind of matter." 

The actual number of elements is comparatively small, approxi- 

mately ninety, but the number of com[>ounds derived from these 

deriientfl ie estimated to be well over 150.000. Mo-st of these are 

ormo( by the combination of two or three* elements together, 

usua y not more than three different elements being found in a 
Chemical compound. 
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Motlos of Chemical Reaction. — Several experiments 
invulviim eljemieal eliaiiiie liave been deserihed. Two of them 
show cirtain hatuies in common— the comhination of copper 
and sulplmr to form copper sulpliide, aiul tlu; comhination of 
mereiitv and o\\ii,v\\ to form mercury oxide. In hotli cases a 
comi)ound witli its tiwn specific properties, witli its own allotted 
store of chemical cnerjry per unit of weight, was formed from 
elements, these elements likewise possessing certain specific 
proi)ertie.s and having associated with tln-rn a definite quantity 
of <'hemieal eiKTgy per unit of weight. These chemical reactions 
afford an exami)le of direct comOiiuilion or sytifhcsis. 

As oppewed to this {ype of chemical reaction, considtT the 
breaking <lown of the compound mercury oxiile into its elements, 
mercury and o.\}'gcn. This is an example of (leconiposition. 

In all cases of decomposition 
it is not necessary for ele¬ 
ments to he formed. If 
copjKT carbonate (green) is 
jmt in a test-tube (Fig. (») 
with the exit tube di])ping 
below the surface of some 
lime water, and the test tube 
carefully heated, a gas is 
given of! w Inch forms a white 
precipitate in the lime water, 
while the colour of the solid 
in the tost tube changes from 
green to black. Tlie actual 
change which occurs may 
be cxpres.sed thus :— 



Copper carbonate—copper oxide 

The black powder which remains, wc shall see later, contains 
oxygen as well as copper; the gas liberated is also compound 
(carbon dioxide). 

The action of zinc in displacing a gas (hydrogen) from sul¬ 
phuric acid is an example of chemical displacement or substUu- 
lion. 


Zinc and sulphuric acid—>-zinc sulphate + hydrogen. 

A piece of iron, plunged into a solution of copper sulphate, 
becomes covered with a reddish deposit of copper ; if sufficient 
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iron liiings are u^eil, the ^vholo of the cnpjiPr will h,- ajsplueed 
Ijy the iron. TliLs is also an exain])l(* of sul^tilution— 

CopiK-r sulphate niid iron^iron snljiliate |-copper. 

A foutih type of clieiiiieal reaction is illustrated hy tlie action 

of a feu- drops of a solutif.n of .silver nitrate on a solution of 

siHJiuin chloride. A uhite cloud, con.sistinp' of .silver eliluiidc. is 

precipitated. ThLs is an example of double dccwnnosition or 
Vi utual inUrcha nge. 

Silver nitrate + sodium chloride—^ 

silver chloride + .sodium nitrate. 
7hi.s type of reaction i.s extremely common. Tiie ahsence of a 
piveip.tate is no evidence that such an interchange has nut 
occurred ; it merely pt.,ve.s that no insoluhle substance can he 
found by such an interehanp^e. It uill be seen latiT tliat mutual 

interebange when soluthms are mixed, is the rule rather than the 

exception, irrespective of whether a precipitate forms or not. 

Recapitulation 

The study of chemistry deals with the properties of tlu- difTerent/ 
kinds of matter, of the ultimate composition of matter, and oi 
the phenomena which occur wlien the ditferent kinds of mattej 
react with one another. I 

Kach kind of matU-r has as.sociatcd with it not onlv definite 
specific properties, but also a definite amount of chemical cncrev 
JKT unit of weight. Wlien clieniical action takes place witii 
the production of a new sub.stance or substances, the amount 
of chemical energy stored in the system changes. If a decr.-a.o 
m the chemical energy has occurred heat or some other form of 
energy wil) he set free during the chemical reaelifui 7’lii.s 
ohangc in ti.e energy content of the sysK-m is a definite con- 
corrntant of elieinical change, hut it mu.st not be overlooked that 
When a physical change occurs, e.g. the passing of a liquid into 

^ change in the energy content of the 
y cm, likewise in tlie specific proiierties of the sub.slance Tlie 
me of demarcation between physical and chemical change Ls 
therefore, not easy to draw. Further consideration of this will 

cheS cha"gf. of 


CHAPTER II 


THE QUANTITATIVE ASPECT OF CHEMISTRY 


Up to tlio present the plienomentni of clieinical reaetion I»as 
Ix^Mi consiclered jnirely from the (pialitative or (leseri[>tivo 
standpoint; hi'fort' a quantitative invest ij^ation can bo attempted, 
certain \jnits of measuivnient re(juire tlelininjj. 

As \init of weight in chemical work, the gram is chosen. 
This is approximately the weight of 1 c.c. of water at4®C.* 
Multiples and suli-multiples of this unit are used. The unit of 
volume is I c.c. or the vt)lume occupied bv approximately 1 gni. 
fif water at 4“ C.* For larger volumes, tlie litre (1000 c.c.) is 
often used as tljc unit. Alitia* contains about (il cu. inches and 
is about T8 pints. The unit of length is the centimetre, the 
unit of time the rccoikI. AKaisununents of temperature are 
almost invariably ref<*rred to the Centigrade scale (for remarks 
coneerning the Absolute scale, see Cliapter 5). The freezing 
point of water on the Centigrade scale i.s 0^, the boiling point 
under atmosplieric pressure l00^ The distance between tlieso 
two limits i.s divided into 100 equal parts, each of these repre¬ 
senting 1 degree (1° C.). The unit of energy i.s the erg. In 
absolute »mits, 9SI ergs represent the work derived from 1 gm. 
falling from a height of 1 cm. On account of the inconvenient 
smallness of this unit, the Joule (= 10.000.000 ergs) is often used. 
The unit of heat is the calorie, which is defined as theainountof 
heat capable of raising one gram of water 1® C. in temperature. 

The Law of Conservation of Mass—In 1808 John 
Dalton wrote ; “ We might as well attempt to introduce a new 
planet into the solar system, or to annihilate one already in 
existence as to create or destroy one particle of hydrogen.” 
The indestructibility of matter appears, therefore, to have been 


work carritKl out by tho tntornutional Bureau of 
Moasur^ ^ov^es. near Paris, it has been found that tho 
weight of 1 c.c. of water at 4 is not exactly equal to 1 gm. but to 0 999973 


2U 
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firmly rooted in the minds of chemists even so far back as the 
hegmmng of the nineteenth century. That tliis sliouJ.i he bo 

aro.rtle of the balance. It nas he, above all others, «ho made 
Chemrstry an exact science by his many investigations in ichich 

but'", I “'b- from the quahtative 

but also from the quantitative aspect 

Although many tacitly acceptiKi the great truth that in a 

mat Ur t"™ '‘‘■■'^'ruction of 

C ^n r" " ‘■Npr-riments on con,. 

bu,stion that a convmcng proof was furni.shed of the great law 

kno«n as the Law of Conservation of Mass. In summing up his 

■.xpenmental results (I78u) Lavoisier WTOte; “Nothing is 

irm!“ l °l«-r»'i(»is of art or in tho.se of nature, and 

t may be con.B.dered as a general principle that in every o,>eration 

there exists an equal quantity of matter before and after the 

XT iiann ‘ constituent is the same, and 

What happens is only changes, modifications. It is on this 

”men‘ts Pr'rforming chemical 

In 1800-C.-, Stas carried out Borne extraordinarily accurate 
experimental syntheses, amongst them the formation of silver 
uMide from known weights of silver and of iodine. .Such was the 
accuracy with which this ma.sU-rly analyst worked that the 
weight of the silver iodide actually colleeteil and weiglusl ililleL 
ly no more than 0 002 per cent, from the sum of ,1m we Xs of 

i:;" --- 

elaborate serifs of experimcnts( 1S03- pj 

tiiis cbemist was able to show [ i 

that the weight of the substance f I ^ 

lormofi did not difler by more than ) I 

his experimental error from the sum 

of the weights of the reacting sub- ^ 

Stances. In his work he used vessels ^ 

shaped as in Fig. 7. Fio. 7. 

l''g*^r!f Urn tul",'''‘‘■"‘■''ced into one 

rX, ■ "u"'" weighed, and the r.Mgents brought into 

ntenta had readjuated itseU the final weighing waa made. 
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Landolt's rosiilts show that t!ie average difference found in 
weigfiinp one of these vessels before and after reaction did not 
differ measurably from two consecutive weighings carried out 
without reaction having taken place. 

Tlie truth of the great generalisation known as the Law of 
Conservation of Mass stands, therefore, on a very firm experi¬ 
mental basis, Tliere is, however, another feature about the 
manner in which this law is obeyed. The more rigid the experi¬ 
mental control under which the experiments testing this law have 
been carri«'d out, the more exactly does the law hold. This is 
our first example of what is known as an exact law of science. 
The vcrij slight differences between theory and experiment are 
always irregular, soynetimes positive, sometimes negative. These 
errors become smaller and smaller as the experimental conditions 
are refined : the errors are purely experimental, and do not arise 
from any conflict between experitnent and the law. The slight 
diflerenccs observed are apparent, not real. 

On the other hand, we shall soon meet numerous examples 
where the law does not exactly exjdain the phenomena wliich it 
I)urports to explain, c.g. the Gas Laws The methods of 

experimentation may be altered, they may be made more exact, 
but the difTerences arc always there, indicating a real conflict 
between the generalised statement and experiment. In such 
cases tlie difTerences ob.served between experiment and theory 
arc generally always positive or always negative. In such cases 
the theory rank.s as an approximate law of science, (examples, 
Avogadro s Law, the Gas Laws, the Law of Combination by 
V'olume.s, q.v.). 

A useful and instructive verification of the statement that 


matter is not destroyed even when a candle burns, is given by 
the experiment shown in Fig. 8. 

A candle is fixed upon a perforated base fitted into the bottom 
of a lamp chimney, so arranged that there is a free passage of air 
through the chimney. Half way up the chimney is placed a 
piece of wire gauze, upon wliich are placed a few sticks of sodium 
liydroxide. The apparatus is fixed to one arm of the balance 


and sufficient weights arc put into the other scale pan to give an 
exact counterpoise. Tlie candle is then removed, lit and replaced. 
Although the candle steadily burns away, it is noticed that the 
chimney and it.s contents gradually become heavier. The gases 
rising from the flame pass upw'ard and are absorbed by the 
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socliutii liydroxide. The incrcjisc in weight i.-j the weight of tlic 
oxygen wliich lias cntere<I the ajiparatus in ordt-r to aid the 
combustion of tlie candle. 

If a piece of sulphur is burnt in an airtiglit flask, no change of 

ueight occurs. This can be shouii in the ajiparatus illustrated 
in Fig. 0. 

A piece of sulphur i.s laid in tlie porcelain boat and in im¬ 
mediate contact with the suljdiur isa piece ofjilatinutn win-, the 
C-rniinnls of which can he connected to a hatlcry. In the bottom 
of the flask there is placed a piece of sodium hydro.xide to absorb 



the pHnlucls of coinhu.'ftion. After the wlif)Ie has been exactly 
weighed, a current from the battery is sent througli tbo wire 
in order to inflame the suljjhur. \Viien the oxyg^ai within the 
fla.sk has been u.sed up, the sulphur eca.ses to burn, and the 
flpliaratus is allowed to cool. No change of weight will be 
detected if the experiment ha.s been jiroperly carried out 

The Law3 of Chemical Combination 

The Law of Constant Composition.—In 1700 there began 
one of those keen controversies which have frequently occurred 
HI the aniialH of science. Rerthollet, one of the great French 
ebemisU of his day, advanced the view that the cliemieal com- 
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position (if a suhstaiicc could be influenced at will by altering 
the quantities of the reacting substances. Tliis hyi)Othesi,s at 
once called forth tlic most strenuous opposition from Proust. 
This cherni.^t j)r(‘pared a basic carbonate of eopjKT and 
showed that not only did the properties of this substance agree 
w itli the properties of the naturally occurring carbonate of co])per, 
but there was a similar aLTeement in the chemical comjiosition 
of the two sj)eoimens. He also obtained the same w{“ight of 
copper oxide, carl)on-dioxid«' and water from equal weights of tlie 
natural and of the artilieial carbonate. Hence, Proust wrote: 
“ We must recognise an invisible hand which holds the balance 
in the formation of compounds ; we must conclude that nature 
acts not dilfertmtly in the deptlis of the earth than on its surface 
and through the agency of man. . . . U-t us recognise, therefore, 
that the properties of true compounds are as invariable as is the 
ratio of their constituents. Between pole and pole they arc 
found identical in these two respects ; their appearance may 
vary owing to the manner of aggregation, but their properties, 
never. J he cinnabar (mercury sulphide) of .Japan is constituted 
according to tlie same rations that of Almadcn (Spain).” All 
along the line Proust proved his point, and the Law of Constant 
Composition or the Law of Fixed Proportions was firmly 
established on a secure experimental foundation. Every 
chemical compound, irrespective of its method of pre¬ 
paration, always contains the same elements combined 
together in the same proportions by weight. 

I he validity of t his law was made tlie subject of a most oxtonsivo 
series of experiments at the hands of Stas (18G0-G5). Ho 
|)re])ared silver chloride, etc., hy four indejiendent methods, yet 
he found that the chemical composition of each of these samples 
agreed within 0004 per cent. Since the day of Stas many an 
exhaustive test lias been made of the rigidit 3 ' with which this 
law IS obeyed, and it may be stated that not the slightest 
deviation from tiiis law has been detected. With every improve- 
nicnt in the skill and tecliniquc of the experimenter, with every 
improvement in the apparatus, the agreement between tiie results 
of experiment and the demands of this law has become more 
pronounced. 'Ihe Lmo of Constant Coniposidon may therefore 
be classed as one of the exact laws of nature. 

The Law of Multiple Proportions.—Although Proust, the 
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champion of the Law of Constant Composition, came acrosa 
various examples of buhstatices containing the same elements 
combined together in different ratios, he did not siu'ceed in 
arriving at the law uhich governed such combinations. That 
great discovery was left to John Dalton, who, in lS(t4. 
enunciated the law of .Multiple Proportions geneiallv associated 
with his name. If two substances, \ and B, unite in more 
than one proportion, rise to two or more compounds, 

then the various weights of A, which unite with a fixed 


weight of B, bear a simple ratio to one another. 

The actual cxia-rimental results tliat enabled Dalton to arrive 
at this law, were, however, .so faulty that .subsetpjent analyses, 
puhli.'-hed l>y other cliemists, uill be us<'d to exi-jn[)lify this law. 
'Jhe fir.-st exact Verification of Dalton s law of Muhi}>l«' Proportions 
was earned out hy Berzelius some years latt r (Isl l-lSlg). The 

following table records hi.s results for the analysis of dilTerent 
compounds :— 


T.tnid-: 1 


FJfrDontA. 

1 -NttJPMf of ( urrifi^^nrpl. 

1 

( 

bead 

Oxirlo.s of load. 

I. 11. 

; ^ ollow. Brown. 

Jou lou 

7-8 i'.S 1 

\\ l iulit of oxyt;on coniliiof tl wiih 100 
in I : of owl'* n < oin* 

bjijcfJ With 100 i,{ Irijfi in ii 

7H . 

•Sul[)hiir . 

Oxifk*a of Kulpliur. 
Sulpliurous. Sul{ilj(jri<* 

KK) ]fKj 

97-83 14«‘13 

1 

Oxyt'f'ii iinil.-d wifli loo „{ suli^lior in 1 
Oxygen miJi lou .vulplnir in 11 

llii-13 

2 : .3 tn-nrly 

Iron . . 

Oxygon . 

Oxid^-s of iron. 
Forroii.s. Forric. 

100 100 

29 0 44-25 

Oxygen oiiinbineil with loij <,f iron in I 
Oxygen eombineil with lOOof iron in II 

oci.f. 

^44 2:,^'^ = 3 nearly 

Copper . 
Oxy^ron . 

j 

Oxulers of coppor. 

Fwd. Blft<-k. 

IliO 1(10 

12-3 25 

f^ycen united with litn ,,f t-oj.per in I 
Oxygi-n uiMte^l witli loo of eo|.j.,.r inTi 


In all these examplca of chemical compounds formed hy the 
combination of different pairs of elements, the quantities <]{ the 
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second eletncnt combined with a fixed quantity of the first clement, 
hear a siinjde ratio to cacli otlier, e.g. 1 : 2, 2 : 3. 1:2. 

Some forty years later (1S45)) Stas subjected this law’ to an 
exliaustive test in his analyses of the two oxides of carl>on. 

to 

Taking a fixed weight of carbon, he found that the ratio of the 
weight of oxygen eoml)ined with this carbon in the comi)ound 
carbon nionoxid«* is to tlie weight of oxygen combitmd with the 
same weight of carbon in tlic compound carbon dioxide 
as 1 to tlie dilTerencc Indween experiment and the 

demands of the law, viz., o in 200,000, represents no more than 
bis experimental error. We may tliercforc conclude that, so 
far as it lias been tested, the law’ of Multiple Proportions is one 
of the exact laws of science. 

Anotlier example, chosen from modern analyses, will per¬ 
haps make this law clearer to the minds of the beginner. Five 
well-known oxides of nitrogen are knowm. If a fixed weight 
of nitrogen is taken, say 14 gins., it W’ill be found that the 
relative jirojiortions of nitrogen to oxygen found in these five 
compounds are as follows : 


T.AnUv 2 


CompoiiiH). 

Wright Ot 

Wolc^it of OTveon com- 
LltiCil with 14 of 

NIf ro^oii. 

Nitrous oxido. 

14 

8 = 8x1 

Nitric* oxi<lo. 

14 

16 = 8x2 

Nitropen trioxido. 

14 

24 = 8x3 

Nitropon totroxido .... 

14 

32 = 8x4 

Nitrogen pcntoxitlo .... 

14 

40 = 8x5 


The quantities of oxygen combined with this fixed quantity of 
nitrogen therefore bear to one another the simple ratios 
1 : 2 : 3 : 4 : 5. 

The actual method of carrying out these experiments would 
be to take a known weight of one of these oxides and determine 
the weight of oxygen and of nitrogen contained therein, and so 
on for all these compounds. Having found by analysis the 
actual ratio in which nitrogen and oxygen are combined, wo 
can calculate by proportion what w’eight of oxygen would 
combine with 14 of nitrogen to form the various compounds, 
e.g. nitrous oxide is found by analysis to contain G3-63 per cent, 
of nitrogen and 36*36 per cent, of oxygen, hence 14 of nitrogen 
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combines with =8 of oxygen and so on for all the 

compounds. The methods adopted in the analysis of chemical 
comj)ounds vary from compounfl to compound ; the exact 
racthfxls used in determining the composition of water will he 
fk'scnhed later (q.v.) but the general principles ca.i l)e undcr- 
h or^ evcm at Hiis stage. A weighed quantity of dry copper 
oxide IS placed in the porcelain boat shown in Fi". 10 

C * 



A stream of dry hydrogen is passed throiigti the aiinaritiis 
and after all the air has been disjrlaeed fr.,m the aj)paritiis the 
tube IS earefully heated to a dull rod. The uater g-merated bv 
the reaction between the hydrogen and the e,>i,,.er o.aide is 
earned into the receiver B, which contains some suh.stance 
eapahio of at,sorbing water vapour and thus preventing its 
c-scapc. The pa,ssage of the liydrogen is continued in nnh r 
to etrect tlie n duetion of the black oxide to the n il metal The 
increa.se in weight of B gives the amount of water formed during 
he reaction, the loss in the weight of the boat siippli,.., us with 
the knowledge of the weight of the o.xygen containe.l in the water 
which has been trapped in B. All the data are now available 
for calculating the coinpo.sition of water, 

e-g. weight of copper o.xide before the experiment = 2\ im gm. 

» - » M after „ „ ^ 17-5CU 

Io.sa in weight (i.e. wx-ight of oxygen contained ' 

in the water) 

Weight of water collected Z 


4tJ7G 


weight of hydrogen contained in the wider = 
hence ratio of hydrogen to oxygen ^0-554 : 4-422 = 


•5.74 


2 004 ; K; 
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This expcriinont filso supplies ns with the data necessary for 
delertnining the composition of eopjier oxide, for we see tliat 
17 r)l)9 of copper coinhines witli 4-422 gm. of oxygen yielding 
21 - 1 M )1 gm. of the oxi<le, 

hence c-opper <)xide contains l7-oGi) of coppt^r : 4-122 of 

ox\'i:i'n <)3-57 : 10 . 

♦ 


Law of Reciprocal Proportions.—The two great quan¬ 
titative laws of cliemieal comjjosition, the laws of I'lxcd and 
of .Multiple I’rojiortions. cstahlished the position of chemistry 
as an exact sciiujce. The next great advance in this direction 
was made by Richter ajul after him Rerzelius. In 1792-1700 
Richter drew attention to the (piantitativc manner in wliich 
acids and bases ( 7 . 1 ’.) react witli one another, but it was Berzelius 
who brought into ]>romin<‘nce the results of Richter and applied 
liis methods to the elucidation of reactions between elements. 


The following table illustrates the method used by Berzelius :— 

^ in the sulphitie with 15-42 sulphur 


100 parts of lead combine 


_ .sulphur 15-42 

ratio ‘ -=-= 2-02 

oxygi-n i-i 

in the oxide with 7-7 oxygen 


100 parts of copper combine 


100 parts of iron combine 


in the sulphide with 25-0 sulpliur 
sulph^^25-r) 
oxygen 12-5 

in the oxide with 12-3 oxvgen 

in the sulphide with 58-73 sulphur 
.sulphur_5S‘73 ^ 

oxygen 20 -() 

in the oxide with 29-G oxygen. 

The ratio jg^ ^vitliin the limits of experimental error, 

oxygen 

the same whether compounds of lead, copper or iron are compared. 
Furthermore, Berzelius found that while 100 parts of lead 
combine with 15-42 parts of sulphur, the re.sulting lead sulphide 
produces 14G-33 of lead .sulphate. Tliis load sulphate consists 
of the oxide of lead (already shown to be, lead 100+7-7 oxygen) 
and an oxide of sulphur. Consequently the weight of suljihur 
oxide contained in 14G-33 gm. of lead sulphate must be 14G-33 — 
107‘7 =38-03. This sulphur oxide must contain the 15-42 of 
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6 nlj>liijr originally conibinf*! with tlie lionco tin* amount of 
oxyynii-3.S(i:{ —15-4i>-.2:i-21. 

j, , suljiliur , , , . , 1.V42 T'T 2 

Katio of in suliihur oxide rn-arlv. 

o\y;:< n 1 >;V 21 7-7 • 4 

^'liiUt In* had aluadv showii that 

i /I 1 1 - /in tlie sulpliide witli 1.") 42 sulphur 

100 parts of lead conilutu- < . ,, ‘ 

' in tin* oxnle with n oxN^eil 

sulphur lo 12 7-7 • 2 
ratio , in-atlv. 

owyen It i-iXl 

'I hcsp and other similar results led Berzelius to the ffeneral- 
isation known as tin* Law »>f Ueeiproeal Proportions. If a fixed 
weifiht of any (standard) element be taken, the weif^hts — 
multiple or submuItiple--of the various elements com¬ 
bining with the fixed weight of the standard element, 
will also react with one another. 

Law of Combining \\'eights.—Most of tin* oxides of the 
nntal.s have heeri analysed Ijy methods e.ssetilially similar to 
that privet) above ; in other cases 
the ratif) of rnetal to oxvc'cn lias 
he(*n (letennirnd hv allowinii a 
weii;hed (jUaiitity of metal to 
cotuhine \\ith the oxygiui of tfie 
air : the weight of the oxi<le 
formed in thi.s way supplie.s the 
rcfjui.site data ft>r calculating (he 
ratio metal; oxygen. An ele¬ 
ment, such as oalfiuin, or rnag- 
iie.sium, may have the compo.siti»jn 
of its oxide determined in this wav. 

For such a purpose the apparatu.s 
given in Fig. 11 may lx* used. A 
weighed quantity of magnesium 
or calcium is j»laeed in the crucible 
and after putting on the lid, the 
metal is slowly heated. After 

some minutes tiie burner is increased to its full jiower. The 
crucible Ls then cooled. The white powder within tlie crucible, 
which also contains a little nitride as well as oxide {.-iee magne¬ 
sium nitride, p. 525), is then moistened in order to destroy the 
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nitride*. If tliocrucihlo is ajjain heated toa dull red and cooled, 
tlie ^vliite |)()\vd(*r will be found to consist of niajziu'siuin or 
calciuni oxide. This is weighed as such and the composition of 
the oxide then obtained. 

In the following table is suminarise<l the percentage com¬ 
position of the oxides of a few of the eh'inents. A certain weight 
of the coni])oimd is analysed and the weiglitof each constituent 
present in 100 parts calculated. 


TAMLK 3 


f* 0 |•ptT oxido . • 

(\if »|>or 

7U-9 

Htuce K oj ortjtjtn rouihiues wiOi 


•-‘Ul 

3 1 nf Co|ip4*r 

W'ator .... 

li N'driiccn 

I 1 IS 

\ •{U\H uf hydro^'t^n 


1 Oxygen 

SS'Sl 


Miif'nosiiirn oxide. 



12dr)of ina^nosiuiu 

1 

( )\y^i*n 

3U liS 


Fcrunus oxiclo. 

1 rou 

# < • K 

27 of iii>n 


< )xyyon 

•> 


Mercury oxiilo 

1 Mcri'iiry 

U2-r.9 

100 0 of mercury 


1 Oxy^ou 

1 

7 41 



Rv a dilTcn'iit method of analysis one may arrive at a similar 
series of results expre.ssing the cojnposition of compounds 
cruitaining hy<lrog(“n. 

TAOLE 4 


nydroyc'n oxide 

% 

1 

‘ Hy<liogotj 

1 I-IK 

Hence l OOS 0 / hf/<lrofji n combines 

(uutri) 

OxypiMi 

SS-SI 

With 8 of oxygen 

Hydrogen chlorido 

Hy<irogcn 

2-7 


Clilorino 

97-3 

30*5 of chlorine 

Hydrogen bromide 

Hydrogen 

1-34 



Hroinine 

os-nn 

79*9 of trumino 

Hydrogen sulphide 

Hy<lrogcn 

5-92 



Sulphur 

94-07 

10 of sulphur 

From the composition of the chlorides the following table may 

be constructed 


TARLT-: 

) 5 

Hydrogen chloride 

Hydrogen 

2-7 

Hence 30*5 0 / chlorine combines 


1 Chlorine 

97-3 

with 1 of hydrogen 

Magnesium chlor¬ 

1 Magnesium 25-53 

12-lG of magnesium 

ide 

1 Chlorine 

74-47 

Silver chloride 

Silver 

75-20 

107-9 of silver 


Chlorine 

24-74 


Copper chlorido . 

Copper 

47-3 

31-8 of copper 


Chlorine 

62-7 
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For the suljihides we liave :_ 


table 6 


La'ad 8 ii]jihi<iu 
•Silver suljiliiiio 


H \ 

•"i H2 

Sulpfmr 

94 07 

M^Tuury 

Si;-l8 

Sulphur 

11 HI 



Siilpliur 

II-IH 

Silver 

N7lUi 

Siiljiliur 

12 ‘Jt 


II• m f Ki ()■{ nf xil/jihiir foiiilidi, 3 
"nh ] of li\ 
lull of inch iiry 

10.*{ oa <yf \fa<l 

I07*i*b of :iiK'cr 


In 111,- oxvk™ tal.lc (f„r r,-a«,ns which will soon hccnino 

apiarunl) «<: have eah ulat.cj in a s„ni. «hat athilrary manner 

he wcjj/hts of the vari<jU-s <-l«'tncnts wliieh cojoliitie uitlj S p.-uts 

hy weight of oxygen; amongst the elements comhined uith 

oxygen stunrls hydrogen whieh combines witli oxygen in the 

ratio HK>S : 8. Conseipjently. in tlie livdrogeti tab).'-Hie results 

have been recalculated to exjiress the weights of the xarious 

(■ h-iiients wind, combine with l-OOS gm. of livdrogen. Amongst 

the elements combined with hydrogen is chlorine, whieh coinhines 

jvjth hyrlrogen m the ratio l-OOS ; 30-5. The elilorine table lias 

be<n recalculated in tlie last column to show the u. ights of the 

various elements combining with 3o-o parts of weight of chlorine 
and 80 on. 

Ihe argument is quite the same, whatever clement is chosen 
to start from, nor (J.ks it matter what arbitrary valne we assign 
U. hat elernent. In tl,e table l,ef„re us oxygen I,as l,e,.n chosen 
as tl,e standani and the value 8 chose,, for it. Had we assigned 
he number (JO to oxygen (as indeed was aetually done in tl.c 

w^i f t'unihers obtained for tl,e various elements 

wou d d.ifer by the ratio 100/8, hut as tlie weigl.ts of all elements 
ould be equally affected, no real cl.ange would he caused. For 
he i.re.sent the reason-s which have led to the ehoiee of 8 ,,ar(.s of 

cleif whfn” ri 

car umn ChaptcT 1\ is perused, 

togerrihua’:- 

Oxygen-Hydrogc,.-Chlorine-,Silver-Sulnhur-I^.ad 

«parts 1 . 0 ,J 8 35.5 joj.y 
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These q»i;inl it ies. S of oxypen, 1 0 (kS of liV(lrop(‘n. 3."> o of chlorine, 
etc., rejirescnt elieinieally ecinivah'nt (jnantilies of tliese ele- 
nuMits, and are Icnown a^s Comhininp or l-’i|nivalent weiphts of 
ihese <dejnenls. I'he combining or equivalent weij^ht may 
be defined as that weight of an element which will combine 
with or displace 8 parts by weight of oxygen (or T008 
parts by weight of hydrogen). 

In petieral it may he stated tliat nearly every element may liave 
it.seoml>ininp weipid determined by convertinp a weiphed quantity 
of tlie ('IcoKMit into the oxide, but in cases where direct com- 
lanation between element and oxypen does not occur, it is always 
possilile to combine tlie element under consideration with anotlier 
element, th(' eombininp weiplit of which witli reference to oxypen 
is delinit<'ly known. Fluorine i.s such an element, for no oxide 
of lliiotitie has be<'n prepared. Rut 

Oxypen — Ilydropen — Chhirine — Silver — Fluorine 
8 parts l OtKS 35-5 U>7-SS IP O 

The cojnbijiinp weight of silver is 107-SS. If a weipluMl (juantity 

^ilv r 

of silver is convei ted into silver fluoride, the ratio is readily 

fluorine 

determinable, thence the combining weiglit of fluorine itself 
(d>tain<‘d. 

As a final example, con.sider the sehemc, 


Oxypen — Hydnipen — Sulphur — Copper 
8 I>arts 1-008 10 03 31-8 

The law of Recij)rocal Proportions as applied to this series of 
reactions, states that, if copper and oxygen combine together 
to form an oxi<le, tlm ratio of weiglits of the elements combined 
in a given weight of coi)per oxide will be 31-S, 8 (or some multiple 
or sul)inulti[)le) ; this is borne out by experiment, for the most 
careful analysis of the black oxide shows that the percentage 
composition of tliis compound is copper 79-81), oxygen 20TI, from 
which one calculates that 3T8 parts of copper arc combined with 
8 of oxvpen. 

Rut the conception of combining weight is by no means limited 
to simple compounds of the type hitherto considered. Exhaustive 
study of all kno^m compounds of the elements has failed to reveal 
a single case in u'kich the composition of a compound cannot be 
represented in terms of the combining weights of the elements con- 
corned. The case of lead sulphate, investigated by Berzelius, 
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is one in point ; tlio conijmsition of the sul»lan<-e lead suljdiate 
shows that 303-1 parts of this snhstaiu-e lamtam l’uT 1 of lead, 
32 07 of suljthiir. (^4 of oxv^'en, i.e.. 

2 103-0.1 of leadd-2 x Hi 03 of suljiliur -f- S x 8 of nxvi:en. 

Having now rho.sen a certain standard qtianfitv of a standard 
element, \sc have heen al)l(‘ to a>sif.Mi to all eh-nients lived 
numbers, known as the combining weiglits of the elements, which 
indicate the quantities of these elements which are chcmieallv 
equivalent, and tlierefore capable of taking part os a cfumicnl 
unit in all the many cheinieal reae(i(uis in which that particular 
eletm-nt may be concerned. Tiii.s selection of the etjmbining 
weight as our unit suggest.^ the following delinition to embrace 
all three laws of chemical coinbim-ition :— Eltmt-nts combine with 
rar/i other tn the ratio of tfnir combining weights or of simple 
u:hole. muUipUH of these.—Law of Combining Weights. 

The importance of the combining weight as a chemical unit i.s 
at once seen, for the cln-niical composition of an element might 
be rejjrcsented in a very real way by indicating the number of 
equivalents (jf eaclj element present in tliat compound. The 
percentage amount of an element present in a compouml dilfcrs 
from compound to comimund, e.g. water contains SS-.SJ per cent, 
of oxygen, ruagm-.sium oxhle cotdains 3{)-(JS jht cent, of this 
element, mercury oxhh; 7-41 jmt cent, and so on. These numbers 
tell u.s little, but if tire compo.sition is expre.ssrsl in such a way as 
to indicate tin* number of combining weiglrls of each r-leinent 
contained in the compound, we shall be able to derive the com¬ 
position of the compound from our knowledge of the combining 
"eight.s of the eh'inerit.s concerned. 

Each sub-stance Iras it.s own distinct chemical unit or equivalent. 
To tlie chemist it is of little importance that a j)iece of zinc 
should weigli exactly the same as a certain i)iece of coppr-r, but 
the sUtement that a wrtain weight of zinc will exactly disj)Iace a 
certain (but difTerent) weight of co])jM-r from its compound is of 

very fundamental importance, for it strikes at tiic very root of 
chemical clafwificalion. 

Ihifi rui.se.s a fundamental distinction between chemical and 
plij-sical phenoroena. In the latter we are conccmerl purely 
with the physical unit of weight, which is employed for the 
deh-rmination of the quantity of a substance present; chemical 
phenomena, on tlie contrary, are concerned with quantities 

D 
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which are cJuwicolh/ rquivnlmt to each other, ami wliieh are, 
therefore, not pliysically lapial in \vei-ht. Clieinistry eini.li)ys 
a unit of it.-^ o\vn. Witli certain iin]><n-tant liniitation.-t to he 
discussed in tlie next section, tlie eoinhinin<; weight of tlie ddTerent 
elenionts oilers a suitahle eheinieal unit in terms of wliieh chemical 
union may h(“ expressed. 


Difficulties with re^nTd to the Combininii Weights.— 

In the section di'alin^ witli the Law of Multiple Proportions, 
attention was drawn to the occurrence of numerous oxides of 
nitrogen. 


T.\BLE 7 



Wi'l^ia of 

111 ilii 1 1 wilil S 

N ll ri'kJi’M. 

OxygpiL 

1 

]artj ut Oxy^pii. 

Nitrous c>\i<Io . « . . 

N it rio oMilt' . . • . 

Nitro^^on trioxido . 

Nitroypii totroxidi' 

Nitrogen |)Piit<i\Hh* 

r.aiia 

4a la; 

:ui s» 

:{n }:i 

.%:i :i:i 

(i:Mu 
(>'»•.’> 7 

74 07 

14 

m 

i 

4-r.o 

:ir> 

2-8 


Tn eaeli of tliese compounds nitnigen jiossesses a different 
comhining weight. Whieli of them is correct or are all correct ? 
The coinhining weight has heen delined as (hat weight of the 
element which ('liters into comhination witli or displaces 8 jiarts 
hy wciglit of oxygen, and granting this definition there is no 
douht that a dilTerent comhining weight must be ascribed to 
nitrogen in each of tlie above comjiounds. A similar state of 
affairs exists if one considers the different oxides of iron which 
arc known. 


TABLE 8 


CornpouniJ. 

Pcra'iitago Composition. 

Piirt5 of Iron com* 
billing NS ith S of 
Oxygen, 

Iron. 

Oxygon. 

Forroua oxide .... 

77 71 

22-29 

27-9 

Ferric oxide .... 


30-07 

18-G 

Magnetic iron oxide . 

72-34 

27-OC 

20-9 
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It is li(‘caiiso of this varinhihli/ in ihr rotnhinin/j jrcighi of niatfi/ 
eUiUPnti (hat (Itc choicp of the coinbinimj in it/ht r?.-} (he Jundann nlnl 
rfiPniical unit hm had to ht diir4trd<d, for it is ohvious that Do 
systcjtiatic inctiio<l of sf>rting up the chemual o!»*ii)onts into unit 
fpjantiti( s rcpr(*.N<‘tit(‘fl fiy the cotnliiniti'; \m ii;ht. of the elcnn-rjt 
is ])o>sit)lc if that unit quantity varu's from coinjajund to 
coin pound. 


Atomic Weight.—We have soon tliat the oondiinin" \ve]j:ht, 
irnpijrtant tliouj^h it may appear, lacks a certain eliaraeteristic 
which a true chemical unit should possess, viz. invariability. 
I-or this rea.son, although tlie cuncejition of combining weight 
btill plays a great part in the science of chemistry, as a .suitable 
unit it is unsatisfactory for our chemical unit of quantity must 
Ixi invariable. 

Th(! lime is not yet ripe to discuss exactly how the true chemical 
unit, the unit of chemical reaction, ha.s been selected. Tliat 
will be dealt uitli in ('haj)ter IX, but in order that the student 
may be able to avail himself at once of the result.s of tliat 
discovery, a lirief outline of the line of advance will lie given. 

In I,sol, .I».hn liilton publislud a very impi»rtant jmper 
dealing witli the constitution of matter, lie put forward the 
hyjiotlie.sis that matter is made of small particles or atoms ; 
the atoms of the .same elrment were always .similar to one anotlier, 
of identical weight and .so on, but the atoims of dilFerent einmmts 
were dilTcrent. Compouiid.s, he po.stulated. were formed bv the 
joining together t)f atoms of dilh-rent elements, 1: I, 1:2, 2 : 1. 
<‘tc. Since each atom has its own delinite weight, Mich a view of 
chemical reaction and of the constitution of matter, leadsat once 
to the Laws of Fixed and Multiple Proportions. But for tlicdifii- 
eulty of weighing an i.solated atom of any element wo should 
have in tlie absolute weight of the atom the fundamental chemical 
unit. By nican.s which will be di8cu.s.sed in detail in Cliaptcr IX 
It has been po.ssible to compare the u-tujhl of an atom of the various 
ekments with the weight of an atom of our sUindard clement— 
oxygen. In I8‘J8 the value 10 was assigned to oxygen us rcjjro- 
^■nting its atejmic weight. Thi.s is a purely arbitrary number, 
but it serves as a starting point, as our standard. The atomic 
weights of all otlicr elements have been determined, relative to 
oxygen. The atomic weight possesses one important advantage 
over the comlAning weight, its invariability in aU the many chemical 
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iffiflions in vhich the (itoui motj Uihr. part. Tlicrc is a dclinite 
ivlationship lu-twcon the cein’oining weiglit and tlie atomic 
weight as (‘xjires.sed in tlie eiiuatitm A.\N . ;jxCA\., ^\l^e^e n 
denotes a small integer. 'J’he atomic weiglit of iron is G.eS, the 
(•ond)ining weiglit in tiie compound ferrous oxide is 27-9, lienee in 

this compound n^2, whilst in ferric oxide 


The student will at onco sec that, for the consideration of 
chemical reactions, all the advantages urg<*d in favour of a suit- 
ahh- chnnicol unit, e.g. condiining weight. a.s comiiared with the 
physical unit of weight. a])ply " ith ciiual force to the cimccption 
of the atomic winght, and adde<l to this is the inestimahle advant¬ 
age of invariahility. Tiu* atoms of the various elements may he 
coupled uji to form various compounds, one atom may he 
displaced hy another and so on, yet in all these many-sided 
phenomena the atom preserves its distinct individuality. Under 
such an liypotlu‘sis it is jiossihle to represent the comiiosition of 
a compound hy denoting how many atoms of A unite with a 



Atoiiilo WolKlit. 

IG 0 

10 

32 07 
35-5 
31 0 

14 0 

271 
230 
39 1 

03(1 

107-9 

65-85 

207-1 

119-0 

28-3 

05-4 
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certain number of atoms of B. and since each atom of A and of 
B has its o^s-n specific weight, tiie laws of conservation of mas,s 
and the laws of chemical combination become a necessary con)I- 
lary. In table 9 is a list of the more important atomic weights 
(approximate) with their combining weights. (When an eleruent 

posses.ses more than one combining weight, the two most 
important are given.) 

Further Consideration concerning Chemical and Phy¬ 
sical Change.—A simple critcrir)n that enables one to class 
a certain fdienomenon as being a definite chemical reaction and 
not a jibysical change of state is by no means easy to lay down. 
During chemical reactions we have seen that there is no change 
whatsoever in weight ; again, during chemical reactions there is 
always a definite change in the energy content of the system 
borne of the chemical energy of flie .system heroines eonVerted 
into other form.s of energy, e.g. heat, light, eh-efrieitv. The 
chemical union of copirer and sulphur or of mereurv ami oxvgon 
prrsluces a substance of entirely different propertie.s from t'ho.se 
of the original element, liut what of the change of ice into water 
o ral mercurie iodide into the yHlow form ? Are these changes 
physical or cheinicul ? Water and ice possc.^.s their own .specific 
properties. One i.s a crystalline solid, the other a mobile li(iui<l 
Each haa its own density, its own colour. Furthermore the 
conversion of lee into water rofiuires a certain definite amount of 
heat jKTgram. 'J’he energy content of 1 gram of ice is different 
from the energy content of 1 gram of water, just as the energy 
content of equivalent quantities of sulphur and of copper differs 
from tlie energy content of the compound formisl by thi'ir 
union. A Htill more difiieult case is that of tho conversion of 
yellow mercuric itxiido into the red form. Each of these sub- 
stances pos.si^sses its own rh-finito colour and .solubility. The 
ransformation of one into the other Is accompanhsl l,y a\iefinito 
heat change and a definito volume chang.-. Arc these changes 
not as deepseated as those produced by the chemical union of 
copjKT and sulphur to form copper sulpliide ? 

ihe ease with which waU^r may bo converted into ice ami ico 

TZrT- tho change of one mollification 

another as contrasted with the great 

from ^ ^ f<^“vcTing tho cop,,or and tho sulphur 

om COPIK.T sulphide, appears a serviceable method of dis- 
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tinpuishing tlio one class of phenomena from the otlier ; hut 
on tlie other Imnd, we shall meet later many chemical reactions 
wliieh also show tlie same tendency towards reversihility under 
a slight change of conditions. As a rule, however, reversihility 
i.s more easily effected for physical than for chemical ])henomena. 
During chemical actions, while a slight change of conditions often 
causes parllnl reV(‘rsihility, tlrechangeis less sharp than that sho\Mi 
hy th(> sudden transition of yellow mercuric iodide into the red, 
and of water into ice. Rut the only safe criterion that enables 
one to classify a chaiigc as being dehjiitely chemical or physical 
in natuH' is based upon the chemical tests given by the two 
substances. There is no chemical tcfit or reaction mIucIi is given 
by ice and not by water. Tliere is no chemical test or reaction 
given by red nuTcuric iodide nhich is not given by the yellow 
vari(‘ty. On the other hand the chemical tests given by mercury 
and oxyg<‘n before combination are entirely dilYerent from tlic 
chemical reactions given by the compound, mercuric oxide; the 
clicmical reactions of cojrjjcr and sulphur are distinct from tlic 
reactions of copper sulphide. Sodium is an elennutt which reacts 
vigorously with water, chlorine is a poisonous gas, but the 
compound formed of tliesc two elements, common salt, has 
properties which arc utterly dilTercnt from those of the original 
elements. 

Again, wiicn a physical change of state occurs, any arbitrary 
quantity of the sub.stance may be used, whilst in chemical rcaction-'<, 
interaction ynnst take place between quantities ivhich bear a simple 
ratio to the atomic weights of the elements under co«^ic/crfl/to«. 

Mixtures and Chemical Compounds.—The student will 
have already gleaned from the preceding pages some of the 
fundamental distinctions between these two classes of sub¬ 
stances. These may now be briefly discussed. Mixtures are 
capable of mechanical separation, compounds are not, 

Tlie separation of a mixture of sulphur and iron filings, cither 
by use of the magnet, which will remove the iron, or by means 
of the solvent, carbon disulphide, which has the property of 
dissolving sulphur, illustrates the case with wliich a mixture 
may bo separated into its component parts. But if the iron and 
sulphur be brought into chemical combination, no such ph 3 'sical 
method of separation w'ill bring about the separation of tlio iron 
and the sulphur. Compounds are always homogeneous ; mixtures 
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QTC, Q3 <2 ruh, heffrog'neons. A poorl microscope is gonor.iUv 
sufficient to lUJike evident tlie indiviilual coinponcrits present 
in the mixture. No microscope i.s able to di.stin;:uish the slightest 
sign of heterogeneity in a true clieinieal comjiounti. However 
far the j)l)ysical sub(livi.-ir)n of the latter is j)U>lied. it r(*inain.s 
truly homogeneous. Mixtures which are lioinogeneojis are really 
solutions. In thi.s case a .separation of the mixture into its 
component parts can be readily lirought about by the process 
of freezing out or of evaporation, i.c. the creation of a second 


pha5?e, the composition of which approximates more or less closely 
to that of one of the comptments of the mixture. 

The properties of mirturts are. afidilivc, i.e. they arc the mean of 
the spceiHc properties of the components of the mixture, while 
the properties of a chemieal cf)m]jound are S[)eeific ami in no wav 
dedueihle from a knowledgr* of the sj»ecilic j)r<)[)eities of its 
con.-tituenls. Hyclrog<-n and nitrogen are non-iHii.xmous gases, 
earhon a black solid, Injt tlie compouml formcHl from these 
(hydrogen cyanide) is a most deadly poisonou.s gas. 

Mij-tures are gnurallg formed uithout any prononnrrd energy 
changes, whilst the formalion of compounds is ahrays atU ndtd by 
a pronounced energy change. The formalion of a solution is one 
of the few jihysical proees.ses \shieh is attended I)y any comsider- 
ahle evolution or fihst)r]ilion of heat. No Indter examjile 
il)u.«trating tliis blatement aiul the preeecling one relating to the 
additivity of the speeilic properties of a mixture, can he given at 
this stage tlian that of air. Nitrogr-n and oxygen wlu-n mixed in 
the ratio of four to one form a mixture, tlic sj)ecific pro])erti<‘s 
(i.e. density, refractive index, colour, etc.) of which can lie 
accurately calculated from a knowledge of the properties of the 
component gases. Moreover, there Ls no gain or loss of energy 
(heat, light, etc.) when the two gases arc mixed. 

W ithin certain limits, the composition, of a mixture may he. 
variejJ at will, hut the cx/mposition of a chemical compound is fixed, 
unalteralAe. This is the most imjjortant criterion of a chemical 
compound. Hero again, it is noticed that solutions are most 
alike to chemical compounds, for there is a definite limit of 
solubility of One sulwlance in anotlier beyond which we cannot 
go, but tlie fact that we can vary tlie eonijiosition of solutions 
at all is in itself sufficient to justify tlic classifying of these 
substances among.st mixtures. 



40 


AN INORGANIC CHEMISTRY 


Recapitulation 

Tho quaiilitativo study of chemical reaction has led to the 
formulation of the following laws :— 

(1) No change of weight occurs during chemical action—Law 
of (’oi^scrvation of Mass. 

(2) Every chemical compound, irrespective of its method of 
preparation, always contains the same elements combined 
together in the same proportion by weight—Law of Fixed Pro- 
j)(>rtions. 

(3) If two substances A and R unite in more than one pro- 
j>ortion, giving rise to two or more compounds, then the various 
weights of A which unite witli a fixed weight of 15, bear a simple 
ratio to one another-—^Law of Multijilc Proportions. 

(4) If a lixed weiglit of any one element be taken, tho weights 
(multiple and submultiplc) of the various elements combining 
with the lixed weight of one standard element, will also react 
with one another—Law of Reciprocal Proportions. 

(o) Tho combining weight is that weight of an element which 
will combine with or displace 8 parts by weight of oxygen (or 
1-008 jiarts by weight of hytlrogen). 

(()) Klernenta combine with each other in the ratio of their 
combining weights or of simple whole multiples of these—Law 
of Combining Weights. 

Because many elemcntvS possess more than one combining 
weight this number cannot bo cho.sen as the chemteal tiuit. 
Dalton's atomic hypothe.sis has led to the choice of suitable 
atomic weights for the elements, these atomic weights being 
simple multiples of their combining weights. 



CHAPTER ITT 


THE NOMENCLATURE AND LANGUAGE OF 

CHEMISTRY 


The Naming of the Elements.—Althongh the actu.i] 

niirnU-r r>f chemical coniprmnd.s is to he mcasiirc<l in thoiisanrls. 

than one hundred elements have heen iBolatcfl, Many >>1 
these arc named accordinr» to one of their specifie jjroperties. 

chlorine (from its green colour), obniium (from its smell), 
the names c)f otliers arc derived from localities, eg. gallium 
{name<l after the country, France (Gallia), where the element 
was disc(Hered), strontium (from Strontian in Scotland), whilst 
others have been nnmr'd in a more or less Iiapliazard way, such 
as uranium (from the planet, Uranus). 


I ho Classification of the Elements.—The elcunents arc 
diviilc-d into two main grouiw- the 7j>ftnh and the jioii-mriah, 
ihe rnelal.s, wliieli are hy far the more numerous, jjos.sess those 
well-known, easily reeognisahio properties assoeiated with such 
fiuhstunces as iron, silver. As a rule, the metals are dense, 
malleable and ductile, and they take a pedish readily. They 
are, in general, good conductors of heat and of electricity. The 
distinctive chemical properties cmnmon to the metals will 
xcomc ovificiit at a lator 8ta;'o. The non-nictal8 show no woll 
niarkc-d similarity in properties. In a general way wo may say 
that the distinctive ]»roperties r)f the metals are larking. Many 
cf them are ga'-eous, nearly all are l)ad eoruluetors of heat and 
clfftncity. A few of the elementa, known as the mdnlhids, 
liossess properties which arc interme<liatc in cliaracter between 
those of the metals and of the non-metals. 



Symbols.—In order to make poH.sihIc the building of chemical 
ecjuations which will enable the chemist to e.xpress in a conciao 
t'ay the mechanism of a.chemical reaction, it has beeomo tlie 
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ciisloin to assign to each element a symbol. Where the name 
of the element Ls common to several languages, the first letter 
is chos(’n as the symbol, but in ease of ambiguity a second letter 
is used. eg. Ga (gallium). Br (Eng. bromine; German, brom), 
but wliere the name of tlie element is difTerent in the various 
languages, an appeal is made to Latin (ICnglish, copper ; German, 
kujifer ; hence tlie symbol Cu. from the Latin cuprum is chosen), 
llg. for mercury (Latin, hydrargyrum). 


T.AliLE 10 

Cl.ASSlFieATIoN OF THE Moio: iMI'OnXANT Er.rMENTS (WlTn THEIR 

.SVMHOLS) 



Motnholild. 

Non-motah. 

Aiuniinitinu Al. 

Antimony. Sb. 

Arcon, Ar. 

I^nriurn, Ha. 

;\rM*nic, As. 

Ht)ron, H. 

HisniutIt, Hi. 


Hrornino, Br. 

('M)i’iuin. (*a. 


(’arhon, C. 

('hroininm, Cr. 


('lilorine* V\. 

CV>l>alt, C’o. 


T'luorino, F. 

C\)p}MT. Cu* 


Helium, lit*. 

(Solti, Au. 


HNclroptMi, H, 

Iron. Kt‘. 


lodino, 1. 

Krntl. IM). 


NitroKon, N. 

Me* 


Oxyceii, (). 

Manyant'so, Mn, 


IMiospborus, P, 

Mt»n ury. 


Silicon, Si. 

NicUeU Ni. 


Sulphur^ St 

Plat iruiin, Vt. 



potassium, K. 



Silver, A^r. 



Sodium, Na. 



Tin, Sn. 



Zinc, Zn. 




Formula? and their Construction.—Not only has the 
chemist assigned to every element a definite symbol, but, since 
the lime of Berzelius, each symbol carries with it a perfectly 
definite quantitative significance. The symbol Au is not a 
shorthand method of writing “gold,” but means the atomic 
quantity of gold, 197-2 parts by weight. Similarly, wherever 
the symbol O is met with, the chemist means the atomic quantity 
(IG parts) of the element, oxj’gen, Cl indicates 35'5 parts of 
chlorine, etc. By international agreement the gram has been 
chosen as the chemical unit of weight, so that, in the concrete 
sense, the symbol Au implies the presence of 197 2 gm. of gold. 
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The student is warned a'jninst ov(rlof>king the quantitative sig¬ 
nificance of the chemical .s'l/mhol. The miniher (if atomic <juan- 
tities of each element present in a particular compound is shown 
by suHixing small numbers to the symbols of tlie clmicnts 
present, the suffix unity being always omitted. The comjiound 
formed by the cjombination of one atomic (juatiiitv of iron 
f5o 8 parts) to one of sulpluir (32 j)arts) is represented by \\riting 
the symbols side by side, e.g. FeS. Tin* compound formed by 
combining one atomic quantity of iron to two atomic quantities 
of sulphur (2 • 32 parts) would be representcnl by the formula FeS,. 
Such a combination of chemical symbol.s i.s known a-s ct formula. 

Die construction of a cliemical fornmla from tlie rc.sults of 
analytical operations involve.^ a knowledge of tlie atomic weights 
of the element.s concerned. 

Kiampk .—Determine tlie chemical formula of the eoinjimind 
wliieh cfjntains 2.31)4 per cent, of nitrogen and 74-OG of oxveen 
(0--.HJ, N=14). 

The first step i.'i to find out what multiple of the atomic u eight 
each of the.se percentage.^ i.s. 


<' 74 *00 

i he number of atomic (juant itie.s of oxygen — = 4 G20 


>9 


>1 


l> 






>*04 

„ nitrogen r-. ’ = i So'S 

14 


Rut 4 fi2i) : 1-8.33 = 5:2 (nearly). 

Hence there are live atomic quantities of oxygen cornliinod 
with two of nitrogen. The sinii»l(‘.st formula is therefore N.,(). 
Ihe student will note that the bjrmula represents the 

compound e<iual!y correctly, and in order to distinguish between 
the various formula?, other data are iiece.s.sary. Tiiis aspect 
will be di.scu.'ised in Chapter I\. In the absence of sunioietit 
data to enalih; one to dlstinguisli between the varioii.s possible 
formula?, it Is the cu.stora to choo.se the simplest pos.sibleformula, 
fractional sulllxes being avoided. 

C<mversely, the percentage conipo.sition of a clnunical com¬ 
pound can bo readily calculated if the formula Is known. As 
an example take the compound AgNO.^ The formula indicates 

107-IJ parts of silver, 

14-l> „ nitrogen, and 

3x10= 48-0 „ oxygen 

169-9 
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are coinhiiiocl tojicthcr, forming IGOO parts of tlio cnmjiound, 
silv(‘r nitrate. 


The 

percentage of 

silver present 

= 100X 

l()l)0 



tf ft 

nitrogen ,, 

14 

= 8-24 


ft ft 

oxygen 

= ioox 

icy-u 

=28-25 





l(K)-00 


The Ruilding and Significance of Equations.—The great 
vahie of eiiemieal formuhe li('s not only in the fact tliat they 
et»nv«'y to tlie chemist a jm'cise knowledge of tlie composition 
of the compound, hut also in tlie case with wliich he can repre¬ 
sent in a quantitative way tlie tletails of the reactions in which 
the substance has taken part. It is the custom to place on the 
left hand side the formula) of the reacting substances connected 
by the sign of summation. The arrow head points to the right, 
i.e. towards the products of the reaction, e.g. Fe-|-S^. The 
(•(juation can be completed if one knows the composition (i.e. 
the formula') of the sub.stances jiroduced in the reaction. Sup- 
jiose, for example, the compound FeSj is produced, then 

I^c H-S_>FeS,. 

It is obvious that two atomic quantities of sulphur will be 
needed on the left side of the ecpiation. This is shown by 
placing the integer before the symbol, hence 

Fc-l 2S-^FcS,. 

Provided the fornuihc of all the substances taking part in the 
reaction are known, it is a comparatively easy proldem to assign 
to each the requisite factor to make the chemical equation 
balance. The roasting of lead sulphide (PbS) in the air leads 
to the formation of lead sulphate (PbSOi), hence 

l>bS + 4()—^PbSO,. 

Four atomic quantities of oxygen will be needed to convert the 
lead sulphide into the sulphate. The conversion of iron into 
the oxide (Fe./),) is summarised in the equation 

2Fe-b30->Fc,03 
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To call Mifh a syinliolical rcprosentati«jn a clioniir'al equation 
is soiueuliat (>f a jiii^nomer, fur a ixivict- in c-)H’nu>ti\' uill liavc 
alrt-ady icalist'd that in no .^cnsc air in»n and iixygni equal to 
iron oxirK*. Trm*, tliey produce iron oxido, hut (he sjieeitic 
proixTticH of the coinjiound are entirely distinct from those of 
the elements. In the same way the eheiuical energy of the 
oxide ditTers from the chemical energy* of theelejiK'nts. For tliLs 
reason, the sign of equality lias been replaced hv the arrow, 
as this niendy indicates the direction in which the reaction 
Jiroeeed.s. The sole equality which holds for the two sides of 
this eheniical eijuation is tlie mass. 

K\iTy chemical symbol embodied in such an equation refers 
to a definite (quantity of matter. Tlierefore, every chemical 
<quation, however simple or cfunple.x, is a quantitative expre.s- 
sion of the I>aw of Conservation of Matter. Furthermore, 
whenever a chemical equation is written down, the implicit 
a.s.sumpii(jn i.s made of the truth of the laws of chemical com¬ 
bination. 'I'lic equation 


Fe,0, 

(1* y cr.-H + 3x16) 


2Fe -f 30 - 

(IJ y Go-8) (3 / 10) 

18 therefore a quantitative expression, not only of the Law of 
Conservation of Matter, but also of the Law of Multij.lc Frn- 
Jjortion.s and of the I.aw of Comhiiiiiig Weights. The student is 
strongly advised to look upon a chemical equation from the 
^piantitative aspect, rather than a.s an easy means of summarising 
w chemical reaction. Above all, a chemical equation Is in no 
sense an algebraic equation and is therefore not ami-iiahle to the 
manipulation to which an algebraic equation is subject. 


Simple Chemical Calculations,—The recognition of the 
^luantitative nature of a chemical equation is of great importance 
to the chemist, for it enables him to calculate with accuracy the 
quanUty of any particular substance jiroiJuced in a chemical 
r‘*aetion, given a knowledge of the quantities of some of the 
other reacting substances and inavidul the equation, which is the 
^^ntitative expresaion of that jtarlicular reaciiim, is also hioum. 

othing can he done unless the equation symbolising the reaction 

w known. As an example calculate what weight of copper 
sulphide can be obtained from 10 gm. of copper. Tho equa- 
ion which governa tho combination of copper and sulphur is 
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Cn + S 

(r.:5'(>) {:v20) 



CuS 

:v20 




The iiit('r])iot:itioii of this e<jiiafi<tii tells \is that from 03 0 ]>arts 
t)f coj)piT it is possible to obtain 03 0 j 32 D.") (> parts of copper 

lO X Oo 0 

Rulphitlo ; hence from 10 gm. of copper we obtain =15 03 


gm. of the snlphido. {Tha fituthni irill notet^/ut in (Ins and in nil 
other choniral (<]i«itions (he sij}nhol represents the atomic quontitu 
Of that partienlar ehment } 

As a st'corul ('xainplo the following will serve ;—What weight 
of zinc will be re(|uiie(l to yield 20 gm. of zinc vsuljdiate (ZnSO, ) I 
As already described, zinc sulphate is formed by the action of 
zinc upon sulphuric aciil. The equation is 


Zn -1 H^SO, ZnSO,+ 211 

(Gr,-4) (Gr>-t + * 4 x lo = loi t) 


The equation tells us that 101 4 parts of zinc sulphate are formed 
from 05'4 parts of zinc ; the weight of zinc necessary for the pro- 

20 

duct ion of 20 gm. of the sulphate is 05-4 X ^ 4 “ ^ lOgm. In thi.s 


jiroblem it is to he noted that the figure suflixed to a symbol 
refers to that clement alone, e.g. in tlie compound ZnSO, the 
/onr refers to four atomic quantities (4 X 10- 04) of oxygen only. 
A ditTcrent point i.s exemplified in the problem : What wei 
of mercuric iodide is formed from 50 lbs. of iodine ? 



Ilg + 21 —> Hgl, 

('JOO) (2 X 120-9 (200 + 2 X 120-9 = 459-8) 

= 25:1-8) 


The expression 21 means two atomic quantities of iodine 
(2 X 120*9). The weight of mercuric iodide obtainable from 
50 lbs. 

of iodine is therefore =S9-4 lbs. 

teOo * o 


Very frequently the integer precedes the formula of a chem¬ 
ical compound, e.g. 2HgO. In such a case, this means twice 
the formula weight of the compound, 2(200+10) =432. In 
complicated formula?, NajCOa.lOHjO (washing soda, or the 
decahydratc of sodium carbonate), we have the formula weight 
of Na.^COj, combined with ten times the formula w-eight of 
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water, H,0. lienee total f<tnnul.i \V( iglit = (2 12 - 3 10)-)- 

10(2 vi^i-lGj^lOO-i-lsi) -2s(i. 

(Jtlier examples involvirn: eliemical ealeulatir.ns are fo lie 
found at the concluMon of this and subsequent iliapter^. The 
student is strongly advised to stmly tliein, for nothing in the 
study of cliemUtry is so conducive to clear thinking and logical 
reasoning as the working out of chemical calculations. 

Questions 

1. fJno a concise account of the cj^eiilial fentnrrs of a clicmiral 
n-acfioii. How docs a chcini* ul rcuction dilicr from a iiloiical < Ikiuco 

WJiat do you understand by tiio “ f)rof>orlies ” of a .sub>tan(o ? 
Oistiriiruidi between “arbitrary'’ fm<l ‘ spcfilic” pn.peiiics. 

■i. Ib->eu.ss the followinj' stntenieiil : “ Klements eoinlane uitb • a.b 

other in tho ratio of their coinJaning weights, or in birni-le ulu>le mulliides 
'jI tlit's#*. * 

4. lao oxides of nitrogen have tlio following eimijiosition : 

(1) NiirogiMj, jMT cent, oxygen, ^tti 3(i per < i iit. 

{-) Niir<*g«-n, g.» il4 per cent, oxygen, 74 Oli per <ent. 

-ruineiRfe the ]jiw yf Muliiplo Proportiuiw and li-ie the uhovo data t<» 

expluui tJi,. 

”»• A mineral ^•olltailla 32-7‘» per rent. Podiuin, 13 OJ per Ceiit. iilii- 
nmiiinn, and £14 ID per cent, lluorine. J)c-termme the simpl. sl bjriuula 
Ot the compound. 

li. What weigl.t of oxygen can bo obtained from the deeomposiiiun of 
-s^gm. of mcreiirio oxide 7 

/. Uhat weight of bodium chlorMo (NuC'l) is protlueeil from I ewt of 
soUium 7 


Na I- Cl - XaCl. 

8. What weight of sulphur would Iw neciled to convert III cm of 
oxygen into sulphur dioxide 7 

s - 1 - i;o - SO, 

9. A compuimd is found to have the following composition :_ 

j'oUssiurn.. 

Jr™.i"» .. 

.lily „ 

Nitrogen.. 

ucierrrano the simplest formula of tho eomfioiind. 

b. Distingukli between u inechunjeal mixture and a cliernienl com- 

!•> and <lisrii)i.s llio laws of ehetniciil rombinafion 
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Sun> Rays 


Historical.—1 lio discovt-rv of o\y?**n is froquontly nttri- 
Imlctl to I’riestU y (1771). 'I'liis exp.-i iincntiT fouml that, on 
confeiilratiiij; tlie ban’s rays upon a littlr rt-d oxide of mercury, 
a small (piantity of gas was evolved. The actual metliod by 
which hib ic.sult was obtained is illustrated in Fig. 12. 

I'his gas, which lie called “ de- 
jihlogisticated air,” was found 
to be a vigorous supporter not 
only of combustion but also of 
life itself. Somewhat juior to 
this (1773) Scheele, a Swedish 
ehemist, obtained oxygen from 
various ctmipounds containing 
oxygen, including the red oxide 
of mercury, but owing to a 
di'Iay in the publication of hi.s 
discovery, his name is less 
associated with the discovery of 
this element than is that of his contemporary, Priestley. 




Burning G1 iss 
Culx of Mercury 


Mercury 


Fin. 12. 


Occurrence.—About the same time, Lavoisier, the noted 
French chemist, extended the work of Hey upon the calcination 
of metals in air, and his experiments ofTer a remarkably lino 
example of the applicatitm of tlie scientific method to the inves¬ 
tigation of the unknown, leading him to the conclusion that 
atiiiosplieric air consists of two gases—oxygen and nitrogen, 
of which the oxygen alone combines with a metal during 
combustion. 

His first experiment w'as carried out with tin. The metal was 
strongly heated in a sealed, w’eighed flask for a considerable 
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tiinn, .ihd on roolin-. flio total was found to ho nnaltorod 

1 ouovor. on oiu-nirijr tho Hask, an inrusi, of air ..ocum-d, slimvin- 
that part of tlio air oiiKMiially j.n-M-nt ir. tin- fla>k liad ho. n 
alHortn.l dunrii: tho hoatinir of the nu tah On ivueiehi,,. , 1 ... 
Mask, an inoreasf in woiglit was ohserve^d, mIucIi ua.s found to 
be cfiual to the increase wljich the tin alone had undergone Bv 
varying the quantities of tin and air present. Lavoisier uas able 
to bhou that some uncornl>inr-d air was always left over. i.e. onlv 
part of tlie air can combine uitli the tin during oaIeinati<ni. Air 
ajiparentJy contained at least two constituents, one ofwbieh was 
capable of reacting with a heated metal. This eonelusion was 
'•■'le d by heating mercury in a retort as already illu.straled in 

'iho flask and hell-jar were filled with air. After lu-ating Ilie 
retort for a day, a .steadily increasing quantity <.f a reddish 
MJhstance made its apjM-aranee. while tfir* voluine of air in the 
h<-n-jur slowly drmmished. Wlieri heat ajqieared to cause no 
u icr change (twelve day.s), the e.\iM*riment wa.s stopped. 

jout one-sixth of the air originally jiresent had beim ahsojhed 
by the mercury, and the residual five-sixths had lost the pro- 
perty of sustaining life and of supporting the comhu.stion of a 
‘cndle. Jins gas he named azote (Gk. d iirivative. lif<.) 
now known a.s nitrogon. On Iwnting the re.i ,.„w,h.r ,,re,,ar,.,i 

.1 hove, Uvoisier ohtainetl about tl.e same vtjlmne of gas as 
h.i<i been absoibeti in tlic fir.st part of his experiment. This gas 
.iu.sed a candle to burn with unusnal brilliancy, in fact it po.s- 
,n an enhanced degree all those properties which the air 
had been de,,r,ved of by being heat,si in the presence of mercury, 
-itoisier at first called this gas viItU air, afterwards ch.ingii'ig 
ic name to or,jg„, (aeid-produeer), from the fact that the 
compounds formed by its union witl. n.any elements pave aci,l- 

lias « ^ "''‘™ cincsolved in water. Tlie na.ne or,/gn, 

,os survived, although its significance rapidly dejmrted as it'iLs 

sc^n^reeogtnsed that many acid snUstances do not contain 
its^vmlL" “i'^cd will, about four times 

estTmaCid .L W- Clarke has 

rr^To^^ T “TT composition of the earths 

crust one.hall mUc deep, mcluding the ocean and atmosphere. 
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TABLE 11 


V.U'tiu'ui. 



* 
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cni't 
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1 
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1 
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1 
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♦ 
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— 
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1 
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4 

— 
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1 
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2 
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• 
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— 

0-37 
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• 
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0-10 
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0 21 
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— 

Oil 
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9 9 

< oil 

Odt) 


01 1 

Huriiim. * 

9 


0 00 


— 

0(10 

Man^anc.'^t' . , 

• 

9 

0 o7 



0 (IT 

Ni(rn;»rn 



— 


7.‘.-54 

0 (12 

Otlicr <'l('inr*nts 


1 9 

0 ria 


1-44 

0-.53 


PUKPAUATION 

1. From the Atmosphere.— The air is li(iucficil (for details 
see Liijuid Air. p. 273), and the more volatile nitrogen is allowed to 
esca])e. The residue ra])idly approximates to liquid oxygen, and 
at tins .stage the evolved gas is compressed into cylinders for 
sale. At present tliLs is easily the most economical method for 
j)reparing oxygen on a large scale, and has largc'ly displaced the 
older Brin'.s process. The efTiciency of this liiiucfaction process 
is considerably aided by the demand for nitrogen for the manu¬ 
facture of nitrates (.see p. 290). 

Brin’s j)roco.«s i.s based upon the fact that, when barium oxide 
is heated in contact with the air at about 500®, oxygen is rapidly 
absorbed \\itli the formation of the peroxide. On raising the 
teniperature to above 800°, the oxygen is evolved with the 
production of the normal oxide. 

500° 

BaO + O BaOi. 

800’ 

Economically speaking, the method in this form is not efiicient 
as it necessitates the alternate heating and cooling of the furnace, 
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hut by taking advantage of the elTect of a eiinntro of pressure on 
tlie reaction, tin- doulde pnK-e.s.s can be carried out at a (amstant 
t<mi>eraturf; of TOO . The j)rineipU- of Le (’hatelier (j). uS) 
predicts that barium peroxide uill tend to form tlie system- 
barium oxide -f oxygen, if any attempt is made to hover the 
pressure ; conversely, if comj)re.s.s<?d air is jmmiH-d over lu-ated 
barium oxide, the system occupying the smaller volume, viz. 
barium peroxide, will be formed. In practice, air at a ].res.sure 
of 2 kilog^. per sq. cm. is pumped over tlie oxide at a tempera¬ 
ture of <00^ thereby forcing the reaction to tlie right. 

BaO p()_>BaO,. 

A valve at the extremity of the apparatus cnahle.s the nitrogen 
to escape. When tlie reaction is complete, the action of die 
pumps i.s reverses!, and the pre.ssnre in the apparatus falls to 
O-Ookilogs. per sip cm, This di.^tuih.s tlic e.piililuiurn in tlu* 
direction indicated hy the arrow 

BaO,->BaO-bO. 

I ho economy of the jiroce.s.s i.s in tliis way conshlerahly 
Jiicrcascd, but .still the ptoee.ss <Mnnot hold its own with tliat 
h;used u]Km tlie production of licjuid air. 'rhe comtires.sc'd 
oxygen |)repared by this method Is about 9.5 per cent. pure. 

2. From Oxides.—The liistoric method of Priestley alTorda 
an interesting exam])ie of tills type. 

HgO—>Hgd- 0. 

Kimilarly, manganese dioxide and the oxides of silver and of 
god evolve oxygen on heating, though the iirst-mentioned 
HUbsUnce doe.s not form the metal but a lower oxide. 

3Mn0,->Mn,0.-f 20. 

3. From Peroxides.—A few peroxides or higlier oxide.s give 
up their oxygen readily. Thus, .sodium peroxide, when treated 
with wakT, etfervesces freely with the evolution of considerable 
duaiitities of oxygen. 

Na.0. + H,0->2Na0H + 0 . 

yie gas can be rcaJily obtained by allowing the water to drip 
iroin a top funnel upon the pero.xidc (Fig. 13), 

Hydrogen peroxide, especially in tl.e presence of fiiudy divided 
platinum, breaks down with the formation of water and oxygen. 
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11,0, ->H,0 i O. 

'File platimira may l»o n-plju-cd hy finely divided silver, gold, 
inangaiu'se tlioxide, evi-n l)y dnst, and these agenU are all found 
to be unaltered at the end of the leaetion. 



Fig. 13. 

4. From other Oxy-Compounds.—rota.ssiuni chlorate is 
easily broken down by the action of lieat, and oxygen is liberated. 
At about 340^ tlie chlorate melts, and a few degree.s liiglier begins 
to evolve oxygen. Soon tl»e mass solidifies again into a mixture 
of potas-sium perchlorate and cldoridc, and the evolution practi¬ 
cally ceases. Above G00° a brisk evolution again sets in and 
only ceases on coinjilete decomposition. 

KCIO 3 —>KCl-h30. 

(For further details of this reaction see Potassium Chlorate.) 

An interesting feature of this reaction is that the presence of 
manganese dioxide enormously facilitates the liberation of the 
oxvgt^n from the chlorate. The dioxide docs not give up its own 
oxygen below 400®, the chlorate at 350®, yet a mixture of the two 
substances will give off a steady stream of the gas at 200®. 
Moreover, the manganese dioxide is found to.be quite unaltered 
at the conclusion of the experiment. 

Oxygen may also be obtained by the action of heat upon 
potassium permanganate, or by the action of sulphuric acid on 
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such rich oxy-compouncls as potassium dichromato, potassium 
permanganate, manganese dioxide. 


Properties.—Oxygen is a colourless, odourless and fastehss 
gaj’- It is slightly heavier than air : thus 1 litre of oxygen 
(at O'" and 700 nim.) weighs 1-420 gm. as against 1-202 gm. for 
a similar volume of air. Its soluhilitv in water i.s consirlerahle, 
about 5 volumes dissolving in KM) vulume.s of water at 0’ and 


/Of) mm,, while at 20 ' about 3 volumes are dis.soivc'd. I'lsli are 
depen<let)t upon the air di.ssolvt^l in water for their supply of 
oxygen re(juire<l for the puqiose of respiration. The critical 
temperature (.‘tec p. 06) of oxygen is —IlS'^, the critical pre.ssure 
(scf? p. 00) Ix-ing r>0 atmosjihcrcs. so that at —llH'" a jircssurc 
of .70 atmo.spheres is nece.s.sarv to produce condonsatif>n. Liipii/I 
oxygen has a j)a!e blue colour and Ijoils under atmospheiie 
j/re.s'^ure at —lH2•5^ The liquid has a Rix'cific gra\itv of TI3 
aii<l is strongly magnetic. By the u.se of liquid hy/lrogi-n as 
refrigerant, Dewar succeeded in freezitjg tho liquid to a pale 
bluish white solid. 

I'rom the chemical point of view oxygen is extremely reactiv/-, 
combining with all eh-tiuMits <'X<-ept thf)se of tiu' helium or zerf) 
group (r. p. 27.7), tf) form or/VZ/ v. With a few eletmuits (siidi as 
pol.issiiim, .sofliurn. iron, pliosjihonis) slow oxalation (conduna- 
tiori) will tal«' place <'ven at ordinary l<’mjierature.s. hut. in 
general, tfu; t/Tiijx-ratiire has to lie raised eonsiderahiv in or<l<T 
to eornmenet; the react ioji. 

A glowing splinter of w-orxl, when thrust into a jar of oxygen, 
hursts into glowing iiicandeseenee, j)roducing a gas, carbon 
dioxide, as the rc.sult of the reaction. 


C 4-0,^ CO,. 

Oxygen its<*|f lias no action ujx/n liinewater (a solution of lime 
or calcium hydroxide in water), but aft<T the splinter ha.s burnt 
for a few moments, a little clear liinewater, if introduced into the 
jar, will at once become turbid owing to the separation of calcium 
carbonate. 

Ca(OH), + CO,->CaCO, + H,0 

Sulphur burns in oxygen with a lavender blue flame of great 
lirilliuncc, forming gasc^ous sulphur dioxide, whieli lias the 
characteristic rxlour of burning sulphur. If a little water, 
rendcrerl blue by the addition of blue litmus, is shaken up willi 
this sulphur dioxide, tho colour changes W red. 
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Pho« 5 phonis burns in oxypcn witli exceptional vigour, pro¬ 
ducing copious clouds of ^\llitc fiunos. These fumes consist of 
partich's of solid plu)sj)horus ]ientoxide. Mliicli dissolve in water 
with considerable energy to form jihosphoric acid. 

2P + r)O^P.Os 

4 ' 3H ;.0 -> 2 H 3 PO 4 (Pliosphoric acid). 

This solution also possesses the jiroperty of reddening blue litmus. 

On the other haiul, sodium or ]K>tassiuin burn in moderately 
dry oxygen to form the correspoiuling oxides and the.sc oxides 
dissolve in water, giving solutions of the hytlroxidcs which turn 
red litnms blue. 

2Na -I O—>Na,0 

Na;0 4 H.O—>2NaOH (Sfpdium hydroxide). 

Another element which burns in oxygen with great brilliance 
is iron. A ttjft of “ steel wool " tied to the end of a stout iron 
V ire is strongly heated ami plungc^d into a jar of oxygen, on the 
bottom of which has Ixu'ii j)laced a layer of sand. Dazzling 
scintillations immediately fill tlu* jar, and glob\dcs of molten 
iron oxide fall to the bottom of the jar (Fig. 14). 



Fig. U. 


Combustion and Oxidation.—Towanls 
the end of the sixteenth century it wa.s 
ix’cognised tliat air was necessary for llie 
maintenam'e of the flame of a burning eandle. 
Mayow {1()74) clearly demonstrated this by 
means of the following apparatus (Fig. 15). 



Fio. 16. 
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Tlie jar was placed over the l)urning candle, and by means of 
the syphon tube, the pressure within and without was ecuiulised. 
The .-jyjdion uas then removed. TJie Hame of the ean«il<‘ soon 
diininislierl in size arid finally went out, while the water rose in 
the jar. This exjieriment in more cajiablo Imiirls might liave 
fore>taIle<I the epoch-making experiment of Lavoisier (sic p. 
lb) aii.i incidentally have preventf'd the fantastic rhhfjislon 
lh(or>f of ComhuMion («/ e.) from hol<ling its own till towanls the 
end of the eighteenth century. However, Lavoisier's classic 
experiments on the calcination of nietal.s, wherein lie showed that 
the increase of weight during the formation of the calx was exactly 
eipial to the weight of rixygeti absorbeal from t!u; .surrounding 
atrnospiiere, ultimately uprooted thi.s hypothe.sis and in its stead 
establi.shed the pre.sent theory of combustion. According to this 
tfieory, ambuMion in a prorf.</i of oxidation or comhination wiii<-h 
is generally atteivled by the evolution of light and heat. In 
more recent times it has become recognised that oxygen it.self is 
not essential for combustion, e g. a candle may burn ipiite well 
in chlorine. irf»n will burn in suljihur xajMjiir. 

In all case.s of combustion heat and light are given out, and 
oxiflatifui occurs. 

'J'he burning of such a metal as magnesium in a jar of oxygen 
and its slow oxidation in an atmos])here of Ibis gas are es.sentiallv 
the Hame chemical jiiooe.ss, the only <lilTerenc<; being one of 
specfl. Even the burning ami the rusting of iron ditTer fuit 
little, for each of these piocesscH leads to the formatitm of an 
oxide of iron, the former having the composition Ee^tL. the latter 
I-CjOj-l-rlljO. So. too, the slow ih-eay of uo(k{ leads to the 
formation of a mixture of carhon dioxide and water, as doestlie 
more vigorous combustion of wotxl, when burnt in oxygen. 'I'ho 
removal of waste products from the human blomi by the action 
of oxygen in the Idmal is but another example of slow eom- 
hustion, the main product of the oxidation—carbon dioxide- 
being exhalrd with each breath. 

In an elementary way, oxidation may be looked upon as that 
proccs.s which involves the addition of oxygen to an element or 
compound, uii exemplilicd in the following equations; 


C + O—^-CO (Carbon monoxide). 
CO d O —^-COj (Carbon dioxide). 



AN INORGANIC CHEMISTRY 



S + 20—>■ SOj (Sulpluir dioxide). 

SOjd-0—>-S 03 (Sulphur frioxido). 

On the other hand, oxypen is very removed from a 

compound, i.e. the eomjiound undergoes ri'hiclion. 

Cuo + c->ru + CO. 

(For further treatment of tliis subject arc p. 100.) 

Spontaneous Combustion.—The actual amount of heat 
peticTated by the combustion of a givc-n weight of coal is inde- 
pc'iident of the matmer in ^\lli<•h the coal is burnt, but the trnt- 
prrature reached will depemd upon the conditions under which 
the coal is burnt. If the combustion proeec'd.s out in the open 
the actual rise in temjK*rature may be very sliglit, owing to the 
dissipaticui of the heat into space through radiation. Such is 
the condition when hay, coal, slack, oily cotton waste, etc., are 
exposed in small c|uantities to the action of the atmosphere. 
Such oxidation will take ])lace without appreciable temperature 
rise, but if a large hc'ap of such material is allowed to undergo slow 
<»xidation under the action of the atmosphere, the heat generated 
within the mas.s cannot c“scaj)e, and the temperature rise.s. 
po.s.sibly sufliciently to cause the mass to inflame. Such cases of 
spontaneous combustion have led to many serious fires. The 
presence of moisture in hay, sheep’s wool, etc., is specially likely 
to bring about spontaneous combustion owing to its accelerating 
the slow oxidation. 

Oxides.—Elementscombine with oxygen to form oxides. In 
many cases an clement unite.s with oxygen in more than one 
proportion, and in such cases the name.s of the oxides should 
indicate the proportion in which the elements unite. A per¬ 
fectly regular nomenclature docs not exist, but the following 
rules will be of use to a beginner. In the case of metals the 
termination -oua is generally used to indicate the lowest oxide, 
e.g. CusO, FeO, cuprous and ferrous oxide, -ic to denote the 
highest oxide, CuO, FcjOs, cupric and ferric oxide. Ferric oxide 
(FojOa) and other such oxides arc often called sc^quioxides 
because they contain one and a half units of oxygen to one of 
metal. Besides these oxides there are the peroxides ordioxides, 
as, for examjjle, of lead, barium, etc., PbOj, BaOj, the trioxides 
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as CrOi, chromium trioxidc. So far as the non-motallic elements 
are concerned, tlie oxide containing one atom of oxygen is 
generally known as the monoxide, e g. CO. N;0. Cl O ; then come 
the dioxides, CO™, SO^, SiO^, the trioxiiles, SO 3 , NjOj, and so on, 

A large number of the oxides react witli water, and the jwo- 
perties of the solutions which are formed differ in a fumlannMital 

has already been ealM to the fart tiiat the 
oxides of sulphur and of pliosphorus form solutions in water n Inch 
Ti-dflen litmus. On the otiicr hand, certain oxides siirh as tlu' 
oxidesof sodium, potassium, calcium, etc., have the j)ropcrty of 
forming a solution which turn.s litmus blue. 

tSufi.stanccs like sulphur dioxide and [ihosphonis ixmtoxide 
are known a.s arifi-forming ojridcfi or nrid anhf/dridis, because 
their solution in water produces an acid. 

*SO( + }I.O —>HjS 03 (''ulphurous acid) 

J’aOj-|-3HnO—> 2 H 3 P 04 (Phosphoric acid) 

On the other hand, many oxides and their hydroxide.s po.ssess 
the property of neutralising or ih'stroying the fundatnental 
pr<-iperties of an aeid. Tluse are known as ha.scs or basic oxides. 
'Ifie product of interaction between an acid and a base is always 
a water. 

Aciti -f Jtase Salt + 

HCi + NaOJI ^ NaCI + 

Hydrot hifirii: n<id. .SrifJiuin liydroxiflo. .Sudiiuii (■lilf)ri*le. 

2HC1 + Na^O -j. 2NaCl + 

Sodiiifii oxide. 

A salt may also be formed by rcjdacing the hydrogen of an 
acid by a metal. 

H 3 SO 4 -f Zn -j. ZnSO* 2H. 

The oxidcA and hydroxides which arc freely soluble aro fro- 
fjuently referred to as alkalies. Tiii.s term is re.stricted to the 
hydroxides of sodium, calcium and their kindred elements. It 
"ill thus be seen that the term ■* alkali ’’ and “ haso ” an? not 

synonymous, for every alkali is of ncccs.sity a base, but all buses 
are not alkalies. 

Catalysis.^Tho decomposition of hydrogen peroxitlo in the 


\Vat(‘r 

H/) 
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j)rcsoncc of finely divided platinum affords an interesting example 
of \vhat is knoivn ns catalysis or contact action. The elTect of 
the platiiuini is to accelerate a reaction which otlierwise takes 
])lace v('iV slowly, and at the end of the reaction the jilatinum 
is found to he chemically unchanged. Such a suhstance which 
has the projierty of accelerating or retarding the speed of a 
chemical reaction without itself undergoing any permanent 
change is known as a catalyst. In the above reaction the accelera¬ 
tion inav he brought about bv manv finclv divided substances, 
such as silver, gold, manganese dioxide and even dust itself. 
There i.s no question that the catalyst actually takes part in some 
way in the chemical reaction, though it is not clearly proved 
whether the participation is of a chemical or of a physical 
nature. 

'I'lie action of manganese dioxide in facilitating the evolution 
of oxygen from jiotassium chlorate is another example of catalysis. 
It has long been recognised that many chemical reactions are 
accelerated by a rise in temperature, an increase of 10^ generally 
doubling the rate of the reaction. The addition of about 25 per 
cent, of manganese dioxide to the potassium chlorate has at 
least as great an effect as raising the temperature 300®, i.e. 
increasing the v(‘loeity 2'’’® times. 

Another catalytic agent, the presence of which is often neces¬ 
sary for the reaction to begin, is moisture, e.g. dry phosphoms 
will not burn in perfectly dry oxygen. l\Iany years ago 
Ostwald likened the action of a catalyst to a drop of oil on the 
wheels of a machine. For elementary purposes no more sug¬ 
gestive simile is required, especially as research has, up to the 
present, seldom revealed exactly how a catalytic agent is able to 
modify the velocity of a chemical reaction. 

Principle of Le Chatelier.—Suppose that a small cylinder, 
closed by a pi.ston, is fitted witii water and ice at 0® C. {the 
freezing point of water), the system is in equilibrium, and unless 
heat is supplied to or taken from the system, or unless the 
pressure is altered, no change in the system occur. But 
if the. pressure is increased by forcing in the piston, what change 
will be induced in the system ? Ice is specifically lighter than 
water, so that one gram of ice occupies a greater volume than 
does one gram of water. The application of pressure to the 
system will cause ice to melt, because, in that way, the system 
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securos a release from the stress uhieh is heine put up„u it ■ 
similarly, a decreased pressure leads l„ the crystallisation of 
more ice, for the production of this suhstanee with its -reater 
'Olume tends to prevent the decrease i„ pressure ivhich the 
expennienter is endeavouring to hriiig alioiit. The nicltiie- 
of ice ,.s attended hy the ahsorjition of heat, the se,,aration o] 
ce hy the evolution of heat. If the system, iee-ivater, which 
s m eiiuilihriuin, i.s wanned, that prnee.ss, uidcli t. iids to use 
up the h,.at lieing put into the system, .sets in. i.e. ice m.dts 
ihe cooling of the .system has the op,,..site elfeet. The general 
prinei, , . e.xeni,,|i|,ed in the.se eyperiments, tva.s first enuneiated 
l-.t 1 ^' ( hat, her. IJ „„ aUrmpl i, nm.h lo cha,„,r ,/„• I, r„l„rc 

„r connniralm,, oj a .y.lnn in opnhhri,,,,,. il,i, owin'. 
,nll undergo .wch a chongr ,r,„l 

<> ty ckunj. of conddmns to vh,rh the h,w hern .udwrlol 

ih,. student has alrea.Iy ha,I his attention ,iir,', l,.,J to a ,,raeti,e,l 
applaatinn of thus law in ,l,d, rmining the h,-.st comlition.s umh r 
tineh oxvg,u, may 1,,- obtained from the air hy numns of hariiim 
1 n™, e linn s process, 51), hut numla-rh.ss .siudi ,..xam|,l,..s 
• r, to he found in the study of chimii.stry. Tli,. <„rreet a,,,,h,-a. 
„n of t ins prinei,,le is oftim of the utyiost value in iirclieting 

lioiis"'' uarryitig out chemieal opera- 


Qdkstu>n.s 

i. llliiatruU, tl,„ law of egai,ul,.„la fr,„„ f„|,.nv,„g n.l.l,. 

a!:::::: ;;--u„.ga.o,a.reen.. 7».g 

docompuHition 'chK.Vmo catalyses iJ.o 

liew would you provo tho truth of your sUxtomoat? 
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THE PHYSICAL PROPERTIES OF GASES 

CnKMisTRY, being an exact science, demands that quantitative 
expressiotj shall bo given to the variotis chemical reactions. 
Obviously this can only be obtained by the use of the balance, 
and whilst this is com()aratively easy when solids and liquids arc 
the .subject of investigation, the jwoblem becomes more difbcult 
if the weight of a small volume of gas is required. 

Gases have Weight.—Even as far back as 117 b.c. Hero of 
Alexandria endeavourcHl to show that air is a material substaneo 

by pressing anem])ty bottle mouth downwards 
into water, but it was about 1,700 years later 
before Galileo showed by direct weighing that 
air has weight. Shortly after, in 1044, Torricelli 
published his now famous barometer tube ex¬ 
periment. A glass tube, nearly 4 feet in length, 
scaled at one end, was filletl with mercury, the 
open end closed with the thumb, and the tube 
inverted. The thumb was removed under mer¬ 
cury and the tube clampctl in the position shown 
in Fig. IG. 

No air w’as allowed to enter the tube, yet, 
instead of the tube remaining filled with mer¬ 
cury, the level of the liquid sank so that its 
Iieight above the surface of the mercury in the 
dish was about 30 inches (7G0 mm.). Torricelli 
concluded that the weight of the column of 
mercury counterbalanced the weight of the 
column of the air pressing on the surface of 
the dish. Pascal carried the experiment a step 
further. Since mercury is about 13*6 times 
as heavy as water, Pascal argued that a column of water 
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approximately .'14 feet hiyli should he siipjimted hy the pr<*.ssurr 
of the air. Experimeut proved this to he true, and l.v 
usin« otlier lirpud.s of kiunsn densitv. lie conrlude<l that //o 
of Ihe column of Uquid is a mmsurc of (he pnssurr. i.c. the 
^‘■tujht, of ihe atmosphere. From tliese experiments was ev.dved 
the modern baromder. It was hut a sliort step to jirove the 
I)re.ssure of the atmosidjcre varied according to the height aliove 
«ea level at which the observation was 

Atmosi.ljiTie pre.ssure at sea level, i.e. tlie sktmlard pressure of 
the atniosphere, i., e,,ual to the weight of a eoluran of n.ercurv 
of unit area and 700 turn. high. This eorr,s,,o,„|.s to the wight 
01 I0,U-,J gm. per sq. eni., or 14-7 Ih. [a-r ,sq. ineh. 

Another direet proof that the air luis «eiudit inav he olitaini-.! 

hy weigh, tig a fla,sk fiUed with air at at,uo.s,,h,-ric'pr..,s.sure an,I 
then rejM-ating the weighing after 
the air has been removed hy 
means of a g(jo<l pumj). If 
the air in the ve.s.sel is roplacx'd 
by another gas such a.s oxyg<*n, it 

may ho siiown tliat all(jases possess 
neirjhl. 

liOYLE s Law. The Ei FEfT of 

PftESSHliE fl'ON THE Voi.tJME 

OF A Gas at Constant 'I’e-m- 

I’ERATURE 

It is now a matter of everyday 
knowledge that the volume of a 
gas depends upon the pressure 
exerted ujxm that gas. Tiie law 
expressing the interdei»endeiice of 
Volume and pressure was first 
enunciated by Robert Bt.ylo 
(1661), and states that the 
volume of a gas at constant 
temperature varies inversely 
as the pressure. This law 
can bo readily tested in the ap¬ 
paratus shown in Fig. 17. 

Any desired amount of the 
gas under investigation is intro* F,o. 17 . 
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(luccd into the ‘rradiiatcd nioa.suiini; tube A by means of the 
ta]) d'he ni(ue»jrv levels in A and li are carefully adjusted 
and the vulunie of tlu‘ ‘;as in .1 naid off. 'I’liis j'ivos the volume 
cf the pas at atmospheiic pressure. By raising or lowering Ji 
the pressure may be altered at will, ami a series of relattal values 
for 2> and v at some constant temperature may be determined. 

TAbLK 12 

\’aii'i;s ok }iv Koa NiTno(;j..s at 


j). Ilk nn '1 r* < o( lip fi nry. 
O 


. I 


0 


r ■* 

I’n 

♦> * 
»• ► 


pr. 

1 -nnoi) 
o aasi 
n 'Miii.'l 

0 

U-!MU 0 


An examination of this tabk* slu>ws that there is lujt exact 
jiropoiiionality bi-twcen jiressurc and vtiluine. but that the value 
}>r, which, aeeonling to Boyle’s l>aw. sluuild remain constant, 
shows a slight but steady decrease. Investigations liave shown 
that this decrease in tlu- value of pr remains, however carefullv 
the measurements are made, and Ity whatever method they are 
ma«le. In other words, the variation in pv is not due to experi¬ 
mental errors, but arises from the fact that the law- as enunciated 
by Boyle does not exactly correlate the facts which it purports 
to Correlate : in short, the law is an a])proxiraate and not an 
exact law of Nature. 


D.vlton’s L.tw OF Partial Pressures 

John Dalton (1802) showed that when two or more gases 
which do not interact with each other are mixed, each e.xerts 
its own delinito pressure and the total pressure exerted is equal 
to the sum of the imlividual pressun^s exerted by each gas. The 
pre.ssure of each individual gas is the pre.ssure cxcrtcil by that 
gas if it alone filled the spac('. If />,. p.., etc., denote the partial 
pressures of the various gases. Dalton’s Law’ states that P, the 
total pressure— 7 ?,+j),-|-etc. This law is approximately true, 
provided there is no interaction between the gases present in the 
mi.xture. In many cases, e.g. mixtures of carbon dioxide and 
sulphur dioxide, whilst there is no chemical reaction, slight 
deviations from the law occur owing to molecular attraction 
between the different kinds of molecules. 




physical PROPEItTIES OF GASES C3 

AMuniing tl,c air to consist „f 20 per cent of an.l SO 

air at a mos,,lK.rf pressure ,s one-tifth of an at,,,.,spin,e V.,n 

■soquently the anutunt of o.yveen ,Insole,si i„ i I,,’,, 

expose to t|,e a,r u-,11 be only one-flfth „f ubal it woui,l be ue.e 
he uater exposed to jiure o.-tygen at atniospberc jnessure. 

CIIAELES’ Law. The LvKr.uE.vr E of Temi'erat,-ue ffo.s- the 
\0LUME OF A Gas at Co.NSTANT PllKssntE 

Towards the vnd of the eighteenth ceiiturv Charles carried out 
experiments to determine! the elTect of a change 
of te-niiierature upon the volume of a gas. and 
Ins n*sults. coupled with the more sy>tetiiatic 
c.xpenmeiit-s of Gay Lussac (ISOd). are emhraeed 
in the so-called Charles’ Law. 'J’he same rise 
m temperature produces in all gases the 
same increase in volume, provided the 
pressure be kept constant, 

I'ig. Is shows a suitable type of apparatus 
for verifying this law. The coeineient of ex¬ 
pansion. i.c. the expansion of I litre of ga.s, 
profhieed by a rise in temperature of from 0“ 
to V C. for varioiLs gxses, is gi\en below: 


Air 

C'arboa rnonoxido 

Carlifjti dioxjflo 
‘Sulpluir djijxicJu 


41 iMi:{«ai7 
o.iio;j<ai7 

OOOJUiHS 
0 ooasjj 



These values are all approximat,.'lv cqnal to m,„„[ 

uanatlons are appar,-nt. Moreover, the cocmei,.„t of c.xpau.sl,,,, 
A any part,culttr gas Ls see., to vary acconling to the p:.,ticul„r 
huuperature the deterruination i.s .ua,le at. For .uu'ogc. tl e 
following results have been obtained : 


TAMM-: 13 

Temj^/fftture. 

Votume (n IKrw. 

of Lxpnf»Hi<jQ^ 

0* 

10^ 

20'* 

30» 

40^ 

1 -041000 

1-0.30778 

l-073r.39 

M10287 

1-147044 

0-0O30778 

0-01130770 

0-U030702 

0-OU30761 
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Cliailt's’ L;nv may ho accurately ivprcscntod by the equation 
y j ^ y wlure V^, V, are tlie vulmne:^ at 0^ C. and at 

anv arbitrary'*u-nM,omt„ro C C. rosp.-ctivHy, ,!r the coomeient 
„f oNpansion, By plotting tl.i-s equation one obtains the follow- 

jng graph : 



An analysis of Ibis graph shows that at -273-C. the vohnno 
becomes/ero, ami below that toniporatiirc the volume becomes 
!U‘cative. A negative volume is beyoml our conception, and so 
the temperature -273" C. or 0" absolute is supposed to be tlie 
lowest possible temperature. If one takes — 
absolute zero, 0" C. becomes 273" abs.. 100’ C. is 3/3" abs. i.e. 
'V- 273 l-b wliere T denotes the temperature on the absolute 

scale, I on tlic Centigrade scale. 

The equation V,=V„^1+ 2 * 3 )niay be written 

V _vwhere T,. T„, denote the temperatures 
A 273 "t; ‘ 

fC. and O'C. reckoned on the absolute scale. Conse/picntly 
{he volumes occupied by a gas at different temperatures, the pres¬ 
sure being constant, arc directly ^/ro^wr/ionaZ to the absolute 

temperature. 


The Combined Influence of Temperature and Pressure 
upon the Volume of a Gas.—Let p,„ v„, T„ denote the pressure, 
volume and absolute temperature of the gas. It is required to 
consider what changes occur in the volume of the gas when both 

pressure and temperature change. 

Let the pressure of the gas, at constant temperature T^. be 
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clian^i-d from to -pu thorcliy rausim: a chati-ro in the vohinie 
from c, to V. In ac4-,,i-,lanc<- uitli li<.yl(‘’s Law. it foilnus that 

}iV^ ^ jjj 

Now. at ronstant ]ircs>iiic /),. let the tcnipcralure chan.a- from 
the mjl.al tcmi.crature T, to T,. tlieivhy eansinK a chaime in 
\oIume from v to t’,. Then, from (.‘harie-s' Law, jt follows that 

w _ r, 

T^ 'l\ .(-0 

If the value of v derived from equation (1) be substituted in (2) 

no obtain whence i pt i t> ■ 

p,T T,’ ^ T ~T ’ -'vlic-re R IS 

the st>-ea)|ed gas constant. 

ilus e<)uation i.s of very fiiiidatiiental imjiortanee in all ealeii- 
JafioiH involving variations in tfie volurn.-s (,f gas.-.s hrouglR 
^ihout by aderatjons in b-mpeiatiire ami ju-e.ssure Sim-e 
ga.seou.s volumes are so .lependent upon the particular tempera- 
ture and pressure at which they are measured, it ha.s become 
cu.stomary U) reduce them to a standard set of conditions, i.e. 
to convert the volume actually measured at any arbilrarv 
terjij)erature and pressure inU; the volume wfneh would be 

occupjr-d at tRC. ami 760 nun., i.e. at the so-eulled normal 
tc-mperature and pressure. 

_E.,anipl^.~-\ certain weight of potas.sium chlorate iiberate.s 
4o0 c e. of o.xygen. measured at 20 C. and 750 mm. pre.-esure • 
what IS the volume occupied by tlie gas at m.rniai I.-mperature 

and pressure (N.T.P.) ? Obviou.sIy u=-f50x4U cc 

Oeyiations from Boyle’s and Charles’ Law.-In dealing 
with harles I^iw it Iklh alrea<ly been p(»inbsl out tliat tins 
Jaw demands that at the ab.solule zero th<* volume of the gas 
«hould hecome zero. That a d.dinitc quantity of matter, even 
at thi.s tempcTalure, nlnujld occupy no space Ls imamceivable. 
Ihe explanation of this fallacy lies in the fact that (Charles’ 
Law docs not apply to the whole v«,Iume of u gas. but rather to 
the spaces between the particles of the gas. A.s the temperature 
tails, these spaces shrink ; and if the gas remained a gas. these 
spaccs would disappear entirely at the absolute zero, so that 
the final volume would be the volume occupied by the actual 
particlcsj themselves. However, all gases liitherto dificovere.1 
tiquefy before the absoJuto zero is reaciied. Up to the present 
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tlu. absuh.lc y.cm its,'If Iwis not l.onn attained, thouph it is of 
inton-st to not,, that, l.y IxhlinR I'fh.nn vnal.T n-dnccl ,>rcssnro 
Kainini-iliiiL'Ii Onncs recently sneeeeded in attaining a t, inp, ra- 
tiiio of —271** ('. or 2* abs. 

Rovb'S Law, as lias already been stressed, is also (.nly approxi- 
mateiv true. More ii<:id work of modern times has demon.strated 
that the vohunc eoneernod in Boyle s Law i.s not the whole 
volume oeeu])ied by the pas, but the residual volume obtained 
wlien a deduetion is made for the space actually oceuined by the 
particles th.-mselves, i.e. p{v-b)=l\ where e tlenotes the total 
volume and h the volume oeeupied by the paseous ])articles. 
At low pressures h is negligible compared with r, but as the 
pre.ssure rises and the spaces between the particles become more 
and more eonstiicte.l. the neglect of the eoireetion h causes a 
considerable rise in the value of k. Obviously, since refei-s to 
the actual volume oeeuiiieil by the particles of the gas, it is to be 
expected that h has a dilTerent value for the various gases. 

Moreover, the particles aiipear to exert a certain cohesive action 
upon each other, i.e. the pressure actually regist.-red is less than 
the true pressure. This cohesive elfeet is inversely pro]iortional 
to the .stpiareof the volume, so that the pressure ha.s to be in¬ 
creased in the ratio p/p^\~ " ’ where a is a constant for the 

individual ga.s under consideration. 'I'lie inodined e<iuation of 
Boyle, wherein account is taken not only of the volume of the 
molecules themselves but also of their cohesive action upon each 

other, is 

^(u—6)=RT (van dcr Waals' Eipiation of State). 

In this form the equation appears to represent very closely the 
facts of nature. 


Critical Phenomena.—If the equation pr=R const, is 
graphed, a rectangular hyperbola (Fig. 20) is obtained and this 
is what is approximately obtained in many cases. Tlie results 
of Andrews with carbon dioxide show a marked difference 

from these curves (Fig. 21). ^ 

So long as the temperature of the experiment is above 31 , a 
reasonabty good hyperbola is obtained. At 31“ the curve shows 
a kink, wiiilst below that temperature the curve consists of three 
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parts—a more or less vertical part, a horizontal portion and a 
sloping portion which gradually becomes asymptotic. The 
explanation of this irregularity is as follows : for temperatures 
below 31® the steadily increasing pressure causes a diminution 
in the volume and the curve DC is traced out. At the point C 
liquid carbon dioxide separates from the system and the pressure 
becomes constant. Any attempt to increase the pressure results 
in the conversion of more gas into liquid with a corresponding 
decrease in the value of v. At B the last trace of gas Uqucfics. 
After this it requires a large increase in the pressure to produce 
even a slight decrease in t>—the curve BA has been reached. 

Above the temi>erature 31® no Uquid separates, but at all 
temperatures below this the sei>aration of liquid is possible ; 
3r is the so-called critical temperature of this gas. By measur¬ 
ing the co-oitiinates of the point E the critical pr&ssurc may also 
be read off. These experiments make it clear why the attempts 
to liquefy certain gases had been fruitless—the gases had not 
been cooled below their critical temperature before the increased 
pressure was applied, for the diagram shows that no pressure, 
however big, can cause the liquid to separate from the system 
unless the temperature is below the critical temperature. 

The Kinetic-Molecular Theory.—The only mechanical 
basis upon which scientists have been able to build a theory that 
will account for the physical properties of solids, liquids and 
gases is on the assumption of a discontinuous structure of matter. 
The exjierimental results that have been obtained under the 
heading of Boyle’s and Charles’ Laws in particular, receive their 
most satisfactory explanation on such an hypothesis. Tlie 
difference between solids, liquids and gases is one of degree 
rather than of kind. The particles of matter, whether solid, liquid 
or gaseous, arc assumed to be incompressible and to be separated 
from each other by spaces. The effect of pressure is to bring the 
incompressible particles closer together by reducing the free 
space between them. These particles are often called molecules 
—the imaginary units of which matter in the aggregate is composed. 

The essential features of the Kinetic-molecular Theory may be 
summarised in the following statements 

1. Matter is discrete, and is composed of a finite number of 
molecules. In gases the volume actually occupied by the mole¬ 
cules is very small compared with the free space ; whilst in the 
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caso of Uquids and solids the free space between the molecules is 

‘I’®*'' slight compressibility. 

- The molecules of a gas are always in a state of violent 
motion in straight lines. 


3 The molecules are continually colliding not only with the 
nails of the contaimng vessel but also with one another 

4. Owing to their jierfect elasticity, they rebound after a 
collision without change of momentum. 

““■■••‘ctive force between the molecules 
exists. This IS specially noticeable at high pressures 

Under these a^umptions the effect of pressure iii>oii a gas is 
at once explicable. Take a small volume of gas en- 
closed in a cylinder by a frictionless piston (Fig. 22). 

If the pressure on the piston is so increased that the 
volume is reduced to one-half, it follows that the 
impacts on the piston will be twice as frequent as 
before, i,e. the pressure will be douhle<l, hence the 
volume is inversely proiiortional to the pressure. 

The tendency of two gases to diffuse one into the 
other, the homogeneity of such a mixture, the non¬ 
settling of the heavier particles are all alike explained 
on the assumptions of this hypothesis. Tlie for¬ 
mula embodying Charles’ Law, r, = ( 1 tl,e 

pressure being held constant, may also be written 
Pt~Po(^ H-«0. fhe volume being constant. If the pres¬ 
sure is maintained constant, a rise of U C. will incrca.so 
the volume by whilst, if the volume is kept constant, this rise 
of temperature will cause an increase in the pressure by the 
same amount. Pressure, we have learnt, is to be attributed to 
the impacts of the molecules. When each molecule strikes the 
wall, it experiences a change of momentum, and it is the sum 
of these changes of momentum which constitutes the pressure. 
The laws of physics state that the total change of momentum 
experienced when a perfectly elastic sphere strikes a wall is 
2mv, where yn denotes the mass of the molecule and v its 
velocity. A rise in temperature increases the pressure, i.o. the 
change of momentum caused on impact. Clearly m, the mass, 
cannot vary with a slight rise in temperature, so that v, the 
velocity, must be increased by a rise in temperatuie. 

The importance of this theory in governing the behaviour of 
gases cannot be too strongly stressed. Modern work has done 
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much to extend the conclusions reached from a study of gaaea 
to the parallel case of liquids, and though many points are still 
beyond our ken, the conception of the molecule has been of 
extreme value to the scientist. Although the molecule was 
introduced into science as a conception only, the recent work 
of a school of physicists, foremost among them being Jean 
Perrin, has led to such discoveries that the molecular theory of 
matter has taken on a validity that was little dreamed of a decade 
ago. The actual physical existence of molecules has not yet 
been proved beyond question, but the cumulative effect of the 
recent evidence in this realm of science has done much to increase 
the probability of their real existence. 

This evidence has been mainly obtained by the use of a 
comparatively new instrument—the ultra-microscope. 

The Ultra-Microscope.—The limit of visibility of a good 
microscope Ls about (^i=0‘001 mm.). This is not a question 
of illumination, but depends upon the fact that the light merely 
passes round a particle of such small dimensions and continues 



on through the microscope to the eye as if the particle did not 
exist. Tyndall showed many years ago that, if a beam of 
converging light is brought to bear upon a solution containing 
in suspension such fine particles that the solution appears 
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homogeneous, an opalescence is caused, due to the scattering of the 
beam of light. The ultra-microscope (Fig. 23) is based upon this 
discovery. A powerful converging beam of light is focusse<l by 
means of a plane mirror Cand convex lens B upon a solution 
A, in such a way that it enters at right angles to the direction 
in which it is viewed by the microscope. With such an 
instrument it is possible actually to sec the individual particles 
even though they do not exceed about lO"* cm. Solutions 
of such substances as sodium chloride in water, sulphuric 
acid in water, etc., show no such scattering, i.e. even under 
the ultra-microscope the solution appears homogeneous, but 
not so a solution of starch, albumen, silicic acid, etc. In such 
cases the instrument at once proves the heterogeneous nature 
of the solution, that is, tlio substance is not in true solu¬ 
tion, but forms what is known as a colloidal or quasi-helero- 
genecnis solution. The dimensions of the particles in many of 
these colloidal solutions have been accurately measured. A 
few of the average values for such colloidal particles are here 
recorded. 

cms. 

Colloidal gold . . , . 5xl0~® 

„ silver . . . . 6 x 10“® 

„ lead .... 4xi0“* 

„ silver iodide . . . 3x10'® 

These values vary little from the estimated diameters of 
ordinary molecules of matter, e.g. hydrogen 21x10"® cm., 
chlorine 3*7 x 10*® cm., nitrogen 2-9 x 10“® cm. The starch mole¬ 
cule 5 X10"® appears to be even larger than an average colloidal 
particle of matter. The assumption, therefore, appears reason¬ 
able that such colloidal particles may be viewed as molecular 
aggregates formed from the aggregation of a relatively small 
number of individual molecules. The ultra-microscope has thus 
enabled scientists to sec particles relatively little greater than 
the average molecule. Even more suggestive are the results 
obtained from investigating the actual movements of these 
particles. 

The Brownian Movement.—In 1827 the botanist Brown 
drew attention to the peculiar movements of lycopodium powder 
suspended in water. When observed under the microscope 
these appeared to be in a violent state of motion which persisted 
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over a long period, both when exposed to the light aa well as in 
the dark. The motion was not due to convection currents of 
any kind, and must owe its origin to the liquid itself. 

The particles of a colloidal solution, when observed under the 
ultra-microscope, show the same Brownian movement, except 
that the movements arc much more lively. As Zsigmondy, one 
of the pioneers of this work, has said : “ A swarm of gnats in a 
sunbeam will give an idea of the motion. The particles hop, 
dance, jump, dash together and fly away from each other. . . 
This motion appears perpetual. It was Ramsay who first 
suggested that it was due to the impacts of the solvent molecules 
upon the particles—an explanation now generally accepted. 
By studying the motion of these colloidal particles of different 
substances, Perrin and his co-workers have arrived at the follow¬ 
ing conclusions—The velocity, the frequency of collision, the 
distribution of the particles through the solvent, are 
exactly what the molecular theory assumes to be the case 
with the particles of a gas. The only difference seems to 
be that the spaces which separate the molecules of a gas 
are, in the case of colloidal solutions, filled with the solvent. 

Finally, by actually counting the number of particles seen 
under the ultra-microscope, the important conclusion has been 
reached that the number of particles present in a colloidal 
solution is, under similar conditions of temperature and 
pressure, equal to the number of molecules of gas com¬ 
puted to be present in a corresponding volume of a gas. 

Evaporation, Solution, Crystallisation.—The process of 
evaporation, solution and crystallisation receives a ready ex¬ 
planation at the hands of the kinetic-molecular hypothesis. 
The molecules of a liquid are in a violent state of motion, and 
some of these molecules succeed in escaping from the surface of 
the liquid. Should the liquid bo exposed to draught, many of 
these escaping molecules will be carried away from the neigh¬ 
bourhood of the liquid, i.e. the liquid will steadily evaporate. 
On the other hand, if the liquid is in a confined space, of the 
molecules which escape many will again strike the surface of the 
liquid and be trapped. So long as the number escaping exceeds 
the number caught per second, the liquid will evaporate, but 
sooner or later the time must come when equilibrium will be 
attained, i.e. the number escaping per second is exactly equal to 
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tho number re-caught per second. The liquid will now be 
exerting its maximum vapour tension or pressure for this par¬ 
ticular temperature. If the temperature rises, the velocity of 
the moving particles of liquid will increase, more will escape per 
second, and equilibrium will not be attained till the liquid exerts 
a higher tension than at the lower temperature, i.c. the vapour 
tension will rise with the temperature. 

So, too, in the case of solution or of the reverse process of 
crystallisation. Molecules of the solid are continually leaving 
the surface of the crystal, and these again arc continually return¬ 
ing to the surface. Solution represents the difference between 
the number escaping and the number returning; cry stallisation 
indicates that the number returning exceeds the number escaping, 
whilst at saturation point an equilibrium of a dynamic, not 
static, nature has been established. 


Density of Gases and its Measurement.—The density of 
a gas is the weight of 1 c.c. measured 
at O'* C. and 7G0 mm. pressure. In 
order to obtain a rough determination 
of the density of a gas the apparatus in 
Fig. 24 may bo used. The flask, which 
should be reasonably light, is thoroughly 
exhausted, and weighed. It is then filled 
with the gas tho density of which is 
required, at some known temperature 
and pressure {w tho weight of the gas., 
t and p are thus known). The volume 
of the flask is obtained by filling it 
with water and then weighing it. The 
difference in weight between the empty 
flask and the flask full of water, expressed 
in grams, represents tho volume of the flask 
in cubic centimetres. 

Tho volume where t and p denote the 

temperature and pressure of the gas during the experiment. 
The density=^. 

In many chemical operations, it is inconvenient to carry 
through an actual weighing of the gas evolved in a reaction. 



l iG. 24. 
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If, however, the gas is collected and its volume read at some 
kno\vn temperature and pressure, the volume at N.T.F. w 
readily obtained, and from a prior knowledge of the density of 
the gas, the total weight of the gas may be computed. 

Vapour Densities of Liquids and Solids and their Mea¬ 
surements.—It is of the utmost importance to the chemist 
to be able to determine accurately and quickly the vapour 
density of volatile liquids and solids. Of tlie various types of 
apparatus which have been specially designed for this purpose, 

the following three stand out. j • *. 

The Dumas Method.—The flask used in this method consists 

of thin glass, and contains about 150 c.c. (Fig. 25). The exit is a 

long narrow tube, ihe 

bulb is weighed full of 
air, and a few grams 
of the substance intro¬ 
duced into the flask. 
The bulb is then put 
into a suitable bath at 
a constant tempera¬ 
ture from 10'’-30‘* 
higher than the boiling 
point of the substance 
whoso vapour density 
is being measured. 
The liquid vaporises 
and the vapour dis¬ 
places the air from the 
apparatus. When the 

vapour ceases to escape from the exit, the tube is sealed off with 
a mouth blowpipe. The temperature of the bath and the 
atmospheric pressure are then recorded. The bulb is cooled, 
dried and weighed. The next operation is to determine the 
volume of the bulb. This is done by breaking the tip under 
water. The bulb when filled with water is weighed and the 
difference between the weights of the full and empty flasks 
enables one to obtain the volume of the bulb. In this experiment 
it is necessary to apply an air correction for the displaced air. 

If w is the weight of the bulb filled with air at the temperature 
t and pressure p, Wi the weight of the bulb filled with the sub- 
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stance, t, the temperature and p, the pressure at the moment of 
sealing, w, the weight of the bulb filled with water • thenu- -u; 
represents the weight of water which fills the bulb, from uhich 
the volume V of the flask is readily obtained. The weight of the 
vapour W is given by the expression 

W=«,.-«,+V(000I293x^|^. where 0001293 ie the 

density of the air. 

From the knowledge of the weight of the vapour, its volume 

temperature and pressure, it is now possible to determine the 
required density. 



Fio. 26 —Victor Meyer’s Fio. 27.— Hoffmann’s 

Apparatus. Apparatus. 


Vidor Meyer*6 Method .—The basis of this method is the meas¬ 
urement of the volume of air displaced when a known weight of 
liquid vaporises (Fig. 26). 
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The pear-shaped vessel A is maintained at a constant tem¬ 
perature somewhat higher than the boiling point of the liquid 
under investigation. The side tube leads to a measuring tube 
C, such as a gas burette. When the evolution of gas from A 
ceases, as shown by the constancy of the liquid surface in the 
measuring instrument O, the tube R is rotated, thereby allowing 
a small bulb containing a weighed quantity of the given liquid 
to fall into the pear-shaped vessel A. Immediate vaporisation 
ensues and the displaced air is collected in the burette. When 
no further gas is evolved, the evolved gas is allowed to take up 
the temperature of the room. Then after the mercury levels have 
been adjusted, the volume is read off, together with the pressure 
and the temperature of the room. 

Example: 0 1200 gm. alcohol yielded 62*6 c.c. vapour at 
750 mm. and 17". 

Find the density of alcohol vapour. 

273 750 

The volume at 0" and 760 —=58-2 c.c. 


This volume of vapour is yielded by 0*1200 gm. of alcohol, 
whence the density (and molecular weight, see Chapter IX) is 
obtained. 

(If the measurement of the volume of the gas is made over 
water, a correction has to bo introduced for the aqueous tension 
of the water. See Question 5, p. 77.) 

Hoffman's Method .—Here again, instead of taking a known 
volume of the substance and measuring its weight, one takes a 
known weight and measures the volume, which it occupies as 
vapour. Fig. 27 shows the apparatus generally used in this 
method. The inner tube is practically a graduated barometer 
tube. This is filled with mercury and surrounded with a jacket 
through which the vapour of a liquid boiling about 20® above 
the boiling point of the liquid under investigation is passed. A 
weighed quantity of the liquid under investigation is introduced 
into the inner tube in a small bulb. The bulb ascends to the top 
of the mercury and the liquid then vaporises. The weighed 
amount of the substance now occupies the volume above the 
mercury. This volume is read off, together with the tempera¬ 
ture and the pressure. The latter is obvioxisly equal to the 
barometric pressure minus that of the column of mercury in the 
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The great ^vantage of this method lies in the fact tl.at the 
vaporisation takes place under reduced pressure, so that it is 

^ten possible to vaporise the licjuid many degrees below its 
boiling point ^ » luj 


Questions 

a and pressure upon tl.o volume of 

mm "'’“'c'’ ‘’•'JR'-n, measured at 0" C and 755 

p".:Lu'’rnr;eS'350 mm to 20 " d. and lile 

da^^r^L'^thLt;3;;sitj“;‘oCen >■>“ 

4. 0'2016 gm. of chloroform on vaporisation in a V a 

expelled 44 c.c of air. Tho tompera^uro of tL mealuri 4'tuL S o 5 ^ 

cWarolonr"”^'"^ -■ va.K.ur^dmwi.'roldfe 

5. Re<luce 150 c.c. of air, measured over water at 15® and 770 mm 

7 standard temperature and pressure. 

drdurlrdTrom the total pr^sTum of thl V“) '''' 

prl^m ”Tf a'’aL“ "It?"*, " and " critiral 

bW^tion of a . eenneetton have these quantities with the 

llJ'vai!)rur‘dm!Tt"v ‘lolemiination of 

the t,^ of aTpamtJL 

8 . Give an account of the kinetic-molecular theory of gasca. 


CHAPTER VI 
HYDROGEN 


Hydrogen, as an individual substance, was first definitely 
isolated by Cavendish (1766), who named it inflammable air. In 
a free state it occurs only in small quantities upon the earth. Its 
presence in volcanic gases and meteorites has been established, 
though its occurrence in natural gas is doubtful. In the un¬ 
combined state it exists in enormous 



quantities in the sun’s chromosphere, 
whilst spectroscopic evidence points 
to its presence in nebul© and certain 
stars. In the combined state it plays 
a great part in nature. One-ninth 
of the weight of water is hydrogen, 
and it is one of the chief constituents 
of organic bodies. All acids, too, 
contain this element as one of their 
constituents. 

Preparation,—Hydrogen is gener¬ 
ally obtained from one of three 
sources—water, acids and alkalies. 

1. Hydrogen may be evolved from 
water either by electrolysis or by 
chemical means. Water is in itself 
an extremely bad conductor of elec¬ 
tricity, so much so that nothing but 
more traces of pure water can be de¬ 
composed by the passage of the electric 
current. If, however, a weak solution 
of sulphuric acid is used, the electro¬ 
lysis proceeds smoothly and freely. 
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The apparatus used by Hoffmann (Fig. 28) is that generally 
employed for this purpose. 

The electrodes are of platinum foil, and are connected to the 
positive and negative poles of a battery. Gas immediately 
begins to rise from the electrodes and collect in the upper portions 
of the two tubes above the electrodes, thereby forcing liquid up 
into the bulb. It is found that twice as much gas is evolved at 
the negative pole as at the positive pole. The sulphuric acid 
appears to be broken down thus : 

H^04->2H-f SO 4 . 

the SO 4 reacting with the water at the moment of liberation. 

S04+H,0-^H,S04-f O. 

The sum total of the reaction is the decemposition of water 
into hydrogen and oxygen and the accumulation of acid round 
the positive pole. (For fuller treatment of this reaction read 
Chapter XXVIII.) 

The action of sulphuric acid in this case may be likened to the 
action of finely divided platinum in promoting the decomposition 
of hydrogen peroxide—it facilitates the reaction which is already 
taking place, and is itself left undecomposed at the conclusion of 
the reaction, i.e. the sulphuric acid behaves catalytically. There 
is unfortunately a tendency to relegate to the domain of catalysts 
all those mysterious reactions the mechanism of which man has 
not yet been able to unravel. In the minds of many, directly 
an “ accelerated ** reaction is thoroughly understood, it ccase.s 
to belong to catalytic phenomena. In the case above, probably 
every detail whereby the sulphuric acid is able to accelerate the 
liberation of the hydrogen during the electrolysis of water is 
clearly understood {see Chapter XXVIII), but docs that rob 
the reaction of its place among catalytic phenomena ? 

Water may also be broken down chemically by the action of 

such metals os sodium, potassium, calcium, barium, etc., in the 

cold, and by magnesium, zinc, iron, nickel, when heated, but in 

inany such cases only half the hydrogen contained in the water 
ia set free, 

Na + H jO NaOH + H 

Ca + 2H ,0Ca (OH), + 2H 
3Fe + 4 H, 0 -j-Fc ,04 + 8 H. 

Some of these metals are lighter than water, e.g. sodium, and 
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m order tliat the gas may be collected in a pure sUte, the metal 
must be lield underneath the surface by means of a piece of wire 

gauze or lead tube (Fig, 21)). 

The metals which require heat to 

bring about the decomposition of 

water arc generally placed in a tube 

which can be strongly heated and steam 

is then passed over them (Fig. 30). 

2. Acids may be readily forced 

to give up their hydrogen by the 

action of a suitable metal upon them. 

The acids most commonly used for 

this purpose are sulphuric and 

hydrochloric acids, the metals, zinc 

and iron. In such cases the reaction 

is much more vigorous when the acid 

is moderately diluted with water : 

Zn -f H ,S 04 ^ Zn SO* + 2H 
Zn H- 2HCl-> ZiiClj + 2H. 

In the laboratory the gas can be readily obtained by either of 
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these reactions, the generating vessel being a flask provided with 
a thistle funnel. For a more or less continuous supply the Kipp 
apparatus is generally called into requisition (Fig. 31), 
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3. Several metals, notably zinc and aluminium, evolve hydro¬ 
gen from a solution of sodium hvdroxide. 

Zn +2NaOH—>Na,ZnOj + 2H 

Sodium zincato. 

Al -b 3NaOH Na^AlO^ + ;JH 

Sodium aluininate* 

Commercially, hydrogen is obUined during the electrolytic 
preparation of sodium hydroxide from sodium chloride {q.v.). 

Purification.—The hydrogen 
evolved by most of the laboratory 
methods is more or less impure. 

The gas escaiKjs from the generator 
charged with aqueous vapour and is 
also contaminate<I with traces of air 
and various impurities from the 
chemicals used. Aqueous vapour is 
readily eliminated by passing the 
gases through concentrated sulphuric 
acid or over granulated calcium 
chloride, both of which absorb 
moisture with avidity. Traces of 
oxygen may b<* removed by passing 
the gases over licated platinised or 
palladiumiscd asbestos, when the 
reaction 

2H-f 0->H,0 

is promoted. The presence of traces 
of nitrogen is seldom a disadvan¬ 
tage. So far as imj)urities from the 
chemicals are concerned, the par¬ 
ticular purifying agent chosen will 

depend upon the impurities likely to ' ^b-Kirr's ApcAnATus. 

bo pr^nt in the acid and the metal, and also upon the purpose 

for which the gas is required. Most freshly prepared gases carry 

over a fog of finely divided liquid or solid matter. This can 

^ily be filtered out by passing the gas through several cen¬ 
timetres of cotton wool. 

Pure hydrogen for special purposes can best be prepared by 
taking advantage of the ready solubility of the gas in the metal 

G 
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palladium, one part o£ which will dissolve 8C0 times ita volume 
of hydrogen at ordinary temperatures. This occluded hydro„ 
may be removed in a very pure state by the combined action of 

heat and reduced pressure. This proiierty of 
hibited by other metals such as platinum, gold, iron, etc., but in 
less marked degree. In the case of palladium there is stiU douU 
whether the hydrogen is present in the pa ladium m the form 
of a solution or in a definite state of combination as hydride 
Hydrogen, dissolved in palladium, has many properties utterly 
distinct from the properties of ordinary gaseous hydrogen. 
Besides causing a considerable change m the volume o i 
palladium, it has the property of reducing or converting feme 

chloride (FeCU) into ferrous chloride (FeCU). 

FeCIa + H ^ Fed 2 + Hd. 

So-called ntween/ or atomic hydrogen, liberated in the solution of 
ferric chloride by the action of zinc upon hydrochloric acid has 
the same property. A stream of hydrogen delivered from a Kipp 

has no such action. 


Physical Properties.—Hydrogen is a colourless. tastelcM, 
odourless gas of extreme lightness (density, 0-0695, air=l, weight 
of 1 litre N.T.P., 0 08995 gm ). Its critical temperature is 
_241^ B.P. —252^ M.P. (58 mm.), —260“ ; solubility m water 
1-9 vols. in 100 at 14“. The gas is non-poisonous. Its specifio 
heat is for a gas abnormally high (3*4). A wire, heated in oxy¬ 
gen or air to incandescence by the electric current, ceases oven 
to maintain a red heat when immersed in a jar of hydrogen, the 
current being unchanged, dosely associated with its extreme 
lightness is its property of difiusing through porous partitions. 


Diffusion 

If a jar of hydrogen is placed, mouth downwards, on a jar of 
air and the two glass covers separating them removed, it will be 
found that in a very short time the two gases form a homogeneoiw 
mixture and wiU be evenly distributed between the jars. It is 
immaterial whether the lighter hydrogen or the heavier air is 
placed on top, the diffusion of the one gas into the other tak^ 
place until in a short time there is complete homogeneity. The 
phenomenon of diffusion can bo neatly demonstrated by means 

of the apparatus shown in Fig. 32. 

The essential feature is a pot of unglazed porcelain surrounded 
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by a beaker. Tlie coloured liquid in the U-tube should stand at 
the same level in each limb. On introducing the exit tube from 
a carbon dioxide generator into the beaker B and from a hydro- 
gen generator into beaker^, a change in the level of the coloured 
indicator at once sets in. It is found that the liquid rises towards 
the carbon dioxide beaker B, but is depressed from the hydrogen 
beaker A. Presently equilibrium sets in and the coloured liquid 
takes up a permanent position. In apparatus 1 the air can 
escape more freely from the porous pot than carbon dioxide can 
enter, a decrease in pressure witliin the pot results, and this is 



1. Fio. 32. 2. 


Shown by the movement of the indicator. Ultimately just as 

much carbon dioxido enters per second as air escapes—the 

liquid assumes a permanent difference of level. In apparatus 2 

le reverse happens. Hydrogen forces its way through the pores 

more freely than the air is able to escape and an increase of 
pressure results. 

Thomas Graham showed that the Sliced at which a gas 
density a porous membrane is a function of the 

, f proportional to the 

-.n ‘ density. The density of oxygen com¬ 

pared with hydrogen is 16, hence the rate of diffusion of 
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. 1 

oxygen 19 that of hydrogen 


Obviously, if one 


measures the velocity with wliich equal volumes of two gases 
diffuse through a fine jet, V* : V,=VD, : VD^, and if the 
density of one gas is known, it is possible to calculate the density 
of the other. Tiiis method of obtaining the density has been 
utilised in certain cases where it has not been possible to obtain 
the pure gas in sufficient quantity for a direct weighing, e.g. 
ozone and radium emanation So, too, it is possible to 

separate two gases of different density by taking advantage of 
tlie varying rate of diffusion. A mixture of electrolytic gas, that 
is, a mixture of hydrogen and oxygen obtained by the electrolysis 
of water, if passed through a long clay pipe, will no longer explode 
on issuing from the pipe, but will show the characteristic tests of 
oxygen, so great is the proportion of hydrogen which has escaped. 


Chemical Properties.—Hydrogen, in itself a non-supporter 
of combustion, burns in oxygen with the production of intense 
heat, a temperature sufficient for melting platinum being attained. 
When the oxy-hydrogen flame impinges upon a piece of lime, 
it becomes heated to incandescence and in that state gives rise 
to the so-called lime-light. Although the reaction between 
hydrogen and oxygen is so vigorous that at 900° explosion 
occurs, there is no measurable reaction at room temperature. 
Finely divided platinum, however, has the same accelerating 
influence in this case as has already been noted for hydrogen 
peroxide. Hydrogen combines, directly or indirectly, with 
nearly all non-metals, as well as with a number of the more 
reactive metals to Jorm hydrides. In the case of the metallic 
hydrides, the compounds are relatively unstable, i.e. easily broken 
down with the liberation of hydrogen. 

KH + H,0 KOH-t-2H. 

Potassium Potassium 

hydride. hydroxide. 

Perhaps the most important property of hydrogen is its 
tendency to combine with oxygen even when that element is 
already combined with another. 

Cu0-i-2H-)-Cu+H,0 . 
Zn0H-2H->Zn+H,0 
FojO^ + 8H-> 3Fe -f 4H,0. 
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thr».t ^ f “ common method of preparing hydrogen is by 
the action of steam upon iron filings. ^ 

3Fe -f- 4 H, 0 -^Fe 30 , + 8H, 

I.e. by passing steam over iron, hydrogen and iron oxide are 

oxW^of iro'li ’ heatod magnetic 

oxide of iron, iron and steam are reformed. If a mixture of iron 

four products are present, vix. iron, iron oxide, steam and 

rati oreie^m to h “l .‘«”P<»^t“-'e a perfectly definite 

L fact^h to hydrogen exists. The explanation of this lies 

^cape the time comes when an equilibrium is reached ie ns 
uch steam is used up per second in reacting with the iron as is 

ea nHImJ’^ J“«f'on of hydrogen u,x,n the iron oxide in the 

nro l,m«l i“r ■’■O"- ‘•■o 1‘ydrogon 

produced IS carried from the system by the exccs.s of steLn and 

the reverse reaction cannot bo set up. Such a reversibk reaction 

IB ^frequent occurrence m chemical operations. 

nature 1 oxygen is of a reciprocal 

nature, for not only docs hydrogen burn in oxygen, but oxygen 

bums equally freely in hydrogen. If a largo jar of liydrogen 

mouth downwards, is ignited at the mouth, tiid a jet of oxygen' 

igni ed and continues to burn in the hydrogen atmoslere 
producing a deposit of water upon the walls of the jar (Fig. 33).' 

wcliilt o?rn importanco of the combining 

ennh • • ®^^«»ent has already Ijceii stressed (p. 32). The 

combining weight, or, as it is often called, the Aydreg^ emi.Wca/ 

may be readily determined by dissolving metals in^suiSe acids 
and measuring the hydrogen evolved. The apparatus in Fig. 34 
18 satisfactory for this purpose. ° 

a wckhedTm' “^<1 (dilutod) together with 

hLer burette, D an adjustable mercury 

When the hilTfT^ for adjusting the height of the mercury 

orier to br^n* in “‘o is tilted in 

order to bring the acid and metal in contact and the evolved 
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gases are collected. When the apparatus has cooled, the volume 
is recorded, together with the pressure and the temperature. All 
the data necessary for the calculation of the hydrogen equivalent 
are now available. 

Example. —O-l gin. of zinc liberated 36*2 c.c. of hydrogen 
measured at IS** and 755 mm. What is the equivalent of zinc ? 

30-2 c.c. at and 755 mm. are equivalent to 34 1 c.c. at 
N.T.P. 1 c.c. of hydrogen at N.T.P. weighs O’OOOOSOO gm., 



Oxygen 
Fig. 33. 



Fio. 34. 


hence the weight of hydrogen evolved by Od gm. of zinc ^ 
0*003065 gm. Therefore the weight of zinc in grams required to 
liberate 1 gm. of hydrogen is 32*6. 


Valekcb 

The reader will have already remarked that the hydroxides 
of the metals do not necessarily possess the same formulas 
—that of sodium hydroxide has been given as NaOH, aluminium 
hydroxide as Al(OH) 3 , calcium hydroxide as Ca(OH),. The 
point at once suggests itself as to why one element can hold 
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in combination three -OH groups whilst another can I»old but 
one; similarly, for the compounds NaCI, CaCl„ AlCl, The 
atomic weight of calcium is 40, its combining weight or hydrogen 

equivalent is 20. The ratio _ "'eight 

,. , combini..g weigh't 

which also denotes the number of elements or groups with which 

calcium combines. In the case of aluminium "ciKlit 


271 ,, _ , 

“n”o 9 short, the ratio 


combining weight 
atomic weight 

appears likely 


O.n^ .... . r~^ — - 

combining weight 

to be of considerable importance in determining the formula 
of impounds m which a particular element occurs. 

The number which represents how many atoms of 
hydrogen, or other elements equivalent to hydrogen, can 
combine with one atom of a particular element is known 
as the valence of that element, or, c.xprcsscd mathematically 

valence 

combining weight* 

The valence of hydrogen is taken as unity. If one is able to 
determine, directly or indirectly, how many atoms of hydrogen 
combine with an atom of a particular element, one can auto- 
matically calculate the valence of the clement. 

The conception of valence is of great assistance to the student 
in mast^ing the formula of the many chemical compounds w hich 
exist. Given the formula of any oxide, c.g. CuO, since oxygen 
18 diva ent {=2H), copper must also be divalent. The action of 
hy(^ochloric acid must lead to the formation of a compound in 
which copper is hkewise divalent, as expressed in the equation, 

CuO 4- 2HCl^Cua, + H.O. 

arbon foms an oxide CO,; one would therefore expect that 

of carbon existe, the formula would 
bo t.U,, (CCl,). Such IS indeed the case. Very often, in tho 
elementary stages, it is eustomary to indicate the valence thus; 

mono-vaicnt H', Na', K', Cl'. Br', I', P, Cu' Ag'. 

ivalent Ba", Ca". Sr", 0". Cd", Cu", Fe", Pb", Mg", Sn", Zn" 
tnvalent Al"*, N'", P'*', As'", Sb'", Bi'" Fe'" 
tetravalent Pb"^, Si"^, C‘^, S'^, Sn'». ’ 

pentavalcnt N^ P^, As'', Bi’^, 

hexavalent S”. 
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Monovalent elements are known as tnonatfs, divalent as diadSy 
trivalent as triads, and so on. Should two of these elements 
unite to form a compound the formula may at once be written 
down with a fair degree of certainty. Arsenic oxide is AsjOj, or 
AsjOj, the chloride of antimony is either SbClj orSbCljandso on. 

Maximum and Multiple Valence.—In the above table 
some of the elements appear to possess more than one valence. 
This is a common feature, for it must be recognised that 
valence is a very variable property. Take, for example, the 
following compounds of sulphur—HjS, SO„ SO,. Few chemists 
arc to be found at the present day who do not consider 
sulphur to bo di*, tetra- and hexa-valent in these compounds. 
Tin forms the oxides SnO and SnO„ giving rise to the chlorides 
SnClj and SnCl* and so on. None the less, elements appear 
to exhibit a maximum valence towards certain other elements, 
e.g. carbon never exhibits a valence of more than four towards 
oxygen, though it often exhibits a valence of less than four, 
as in carbon monoxide (CO). Nitrogen has a maximum 
valence of five tow'ards oxygen (NjOj), though other compounds 
N,0, NO, NjOj, NO, exist. 

The Effect of External Conditions upon Valence.—The 
general effect of a rise of temperature is to cause a decrease in 
the valence—the higher chloride of antimony, SbCl,, readily 
evolves chlorine on heating, forming SbCl,. On the other hand, 
an increase of pressure favours the formation of the compound 
with the higher valence. Thus, by increasing the pressure of 
chlorine upon antimony trichloride, the pentachloride is obtained. 

Should an oxidising agent bo present, there is generally a 
tendency for the formation of the compound with the higher 
valence, whilst reducing agents have the reverse effect. 

2FeCl, + 2Ha + O—^ 2FeCl, + H,0 
FeCl, -f-H (nascent)—>-FeCl, + HCl. 

Graphic or Constitutional Formulae.—Formulas are often 
written in such a way as to show the valence clearly. H—O—H 
indicates that hydrogen is monovalent, oxygen divalent; 
ammonia is represented by the formula: 

.H 
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The valences are represented by the links or bonds. The student 

IS, however, warned against attributing to these linkages or 

bonds anything in the nature of a force holding the elements in 

combination. V^alence is not a force, but is a measure of the 

number of atoms which any particular element may hold in 
combination. 

By a general development of this pictorial method of repre¬ 
senting valences, chemists have been led to the adoption of 
graphic or constitutional formul®. The assumption is made 
that the chemical properties of a compound arc determined by 
the arrangement of the atoms in the particles of the compound, 
and consequently, if two substances exist having the same 
composition but with the atoms differently arranged, the pro¬ 
perties of those compounds will bo fundamentally different. 
Graphic formula, therefore, are built up in such a way as to 
represent in a pictorial manner the composition of tlie compound, 
but they do not indicate that the atoms arc so held within the 
particles of the compound ; indeed, modem work on crystal 
structure shows the absurdity of such a contention. The 
examination of crystals by means of X-rays has shown that in a 
crystal of sodium chloride the atoms of chlorine are arranged in 
a perfectly definite and systematic manner, but the evidence is 
strongly against associating a particular atom of chlorine with 
any particular atom of sodium. Nevertheless, constitutional 
formulae arc of great assistance in enabling the chemist to follow 
out the reactions of a given substance. A few typical graphic 
formula arc given: 


Ferric oxide. • 


Fe=0 

Tc=0 


Sulphuric acid. 
H-O 0 

\y 

S 



H-0 0 


Calcium hydroxide. 


0 H 
^0-H 


Radicles.—The constant presence of the -OH group in the 
hydroxides of the metals, the similarity in properties of the 
compounds containing this group leads to the conception of a 
radicle. A radicle or radical w a group of aloms which can enter 
mto or be d^placed from combination without itself undergoing any 
de^position. In the reaction between zinc and sulphuric acid 
the SO, group passes as a group from-the hydrogen to the zinc; 



90 


AN INORGANIC CHE>nSTRY 


this is the sulphate radicle. Other radicles are the groups NO3 
(nitrate), CO3 (carbonate), CIO3 (chlorate), NH, (ammonium), 
PO* (phosphate). It is to be noted that each radicle as a group 
has its own characteristic valence. Mg(N03)2 may be written 



or, written in detail, 



Normal, Acid, Basic and ^Iixed Salts. 

The existence of divalent and higher-valent atoms and radicles 
makes possible a different type of salt from that hitherto met 

with. As an example, consider the acid HjS 04. If one molecule 

of sodium hydroxide is allowed to react with this acid, the 
following interaction takes place : 

Na 0 H+H 2 S 04 NaHS 04 + H20 

Baso. Acid. Salt. Wat^r. 

The resulting salt is known as sodium acid sulphate or sodium 
hydrogen sulphate. This is our first example of an acid salt, in 
contradistinction to the normal salts wherein the whole of the 
hydrogen of the acid has been replaced by the metal, as in the 
reactions 

H2SO4 + 2NaOH-^Na2SO* + 2H,0 
H jSO* + Zn-^ZnSO* + 2H. 

Acids which contain two replaceable hydrogen atoms (i.e. dibasic 
acids) or more (e.g. tribasic acids H3PO4 etc.) may have their 
hydrogen replaced in steps. This leads to th© formation of acid 

H,PO. + NaOHNaH .PO. + H ,0 

Sodium di'hydrogon 
phoaphato 
(acid phosphate). 

H,P0. + 2NaOH-5.Na,HPO, + 2H,0 

Di-sodium hydrogen 
phosphate 
(acid phosphate), 

whilst the addition of three molecules of sodium hydroxide 
causes the formation of the normal salt 

H3PO4 -f SNaOH-^NajPO* + 3H,0. 

From the very nature of their constitution monobasic acids, 
e.g. HCl, cannot give rise to acid salts. 
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On the other hand, di-acidic bases, e g. bases containing two 
hydroxyl groups, may have these hydroxyl groups replaced one 
at a time. In this way ba-sic salts may be formed. 

Pb (OH), + HCI Pb (OH )C 1 + H jO 

Basic load chlorido. 

Pb(OH), + HNO,-> Pb(OH)NO, + H, 0 . 

Basic load nitrate. 

Such basic salts are nearly always less soluble than the normal 
salts. In actual practice basic salts are generally produced by 
the action of water upon the normal salt, e.g. 

Hg(N 03 ), + H, 0 ^Hg( 0 H)N 03 + HNO, 

Morcuric Basic mercuric 

nitrate. nitrate. 

Basic salts occasionally arise from the combination of a 
normal salt with an hydroxide, as in the case of malachite, 
CuCOa, Cu(OH),. 

The fact that the liydrogcn of a dibasic acid may be substituted 
in steps allows the possibility of building up a mixed salt, e.g. 

NaHSO* -f KOH NaKS04 + H , 0 . 

In a similar way one can prepare sodium potassium ammonium 
phosphate, NaK(NH4)P04, from phosphoric acid. HjP04. 

Note.— For the modem conception of valence and the con¬ 
sequential changes of constitutional formulae, see Chapter XLI. 

Questions 

1. Describe two methods for making hydrogen from sulphuric acid. 

2. Give an account of Graham’s Law of Diflusion. 

3. What weight of water would t>e obtained by the pa.s.sngo of dry 
hydrogen over 10 gra. of load oxide [formuls PbO, atomic weight of load 
«= 207-2] t 

4. Explain what is meant by the “ volcnce of an element.” What ore 

the valences of the ocid groups in the following compounds i KC1, H-.PO. 
No,Si04. CaSO„ AJ,( 804 ) 3 . PCI 3 . ► 3 

6 . Show how acid salts, basic salts and mixed salts are related to normal 
salts. Illustrate your answer by means of equations. 

0 . ^nstruct equations showing how ferrous sulphate may bo made 
from ferrous oxide, cupric nitrate from cuprio oxide, ferric chlorido from 
feirio oxide. 

7. A qi^tity of zinc is treated with an excess of sulphuric acid, and 

the resulting gas, collected at a temperature of 16® and under a pressure 
of 706 mm. 01 mercury, is foimd to have a volume of 400 cc. Calculate 
the quantity of zinc used. [Zn=05-4, H^l, 1 Ulregf bydrogan at 0® C. 
and 760 xnm. pressure weighs 0 0899 gro.] ’ ^ 
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WATER 

Water is ono of tho most familiar compounds occurring in 
nature, for it is found not only in tho free state, but also in a 
state of combination in tho bodies of animals, plants, etc. 

Occurrence.—Natural water varies greatly in purity. Sea 
water contains on tho average about 3*6 per cent, of dissolved 
material; rain water, too, contains appreciable quantities of 
both dissolved and suspended matter, tho nature of which is 
determined by the character of the country through which tho 
water flows. Lake Katrine (Scotland) which receives tho 
drainage of a granite area, contains only 0*032 parts of dissolved 
matter per 1,000 parts of water, while the Thames, draining a 
chalk area, averages 0*03 per cent, of dissolved matter, very 
largely consisting of calcium salts. 

Spring and mineral water varies exceedingly in its purity. 
Percolating rain-water attacks the various rocks and carries off 
dissolved salts. This is especially true of tho salts of calcium, 
magnesium, sodium and iron. This solvent action is due to the 
action of the dissolved carbon dioxide (see p. 631), and is also 
greatly facilitated by a rise in tho temperature and pressure of the 
water as it reaches the lower levels. This percolating water 
afterwards finds its way again to tho surface of tho earth. Some 
of the salts commonly found in such water are ferrous carbonate 
in the chalybeate springs of Tunbridge, Saratoga, N.Y., etc., 
sulphur compounds in the Hot Springs of Rotorua, N.Z., Baden, 
etc., magnesium sulphate and chloride at Cheltenham, Bath, etc., 
sodium sulphate and carbonate in Marienbad, sodium and other 
chlorides in Baden-Baden, Homburg, etc., boric acid in Tuscany, 
silica in the Mammoth Springs of Yellowstone Park, U.S.A., and 
the Hot Lake District of N.Z. The temperature of such spring 
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waters shows considerable variation, ^^any of those in New 

Zealand and California are over 50®, while some of the deep 

artesian wells of Queensland give water much too hot for imme¬ 
diate use. 

Purification.—Matter in suspension may generally be 
rapidly removed by passing it through a suitable filter. Large 
filter beds of sand and gravel are a necessary adjunct to any town 
water-supply system. The small amount of mineral material in 
solution in such water supply systems is rarely deleterious—not 
so. however, pathogenic (disease producing) bacteria. 

For chemical purposes it is frequently necessary to prepare 
water of a high degree of purity. This is most easily attained 
jy distillation. Solvent action upon glass is much greater than 
tile uninitiat<«I imagine, so that for careful work the storage 

bottles must either be well sU-amwl out or made of specially 
non-soluble glass. 

Physical Properties.—When cooling, water exhibits some¬ 
what anomalous behaviour in its volume changes. As the tem- 



Fio. 35.— The VoLUME-TEMPKaAxuRE Graph of Water. 

perature falls from ito boiling point, there is a steady contraction 
until the temperature of 4® is reached (Fig. 35). At this point the 
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coefficient of expansion changes its sign and further cooling causes 
4he liquid to expand. Water at 4**, therefore, has its maximum 
density. One c.c. of water at 4® forms our unit of weight—1 gm. 

. The fact that water has a greater density at 4® than at 0® is of 
great natural importance in preventing the freezing of lakes and 
rivers in times of great cold. At 0° water freezes, forming ice. 
The amount of heat evolved when 1 gm. of water freezes is 79 
calories, i.e. is sufficient to raise 1 gm. of water 79®. conversely, 
the melting of Igm. of ice causes the absorption of 79 calories— 

the so-called latent heat of fusion. 

The temperature at which water boils under atmospheric 
pressure is 100®. To convert 1 gm. of water at this temperature 

into steam at 100® requires an absorption 
of 537 calories —the latent heat of evapor¬ 
ation. 

The gradual conversion of water into 
vapour at temperatures below the boiling 
point is a matter of everyday experience, 
and the explanation of this can perhaps 
be most easily supplied by the considera¬ 
tion of the following experiment (Fig. 36). 

Two barometer tubes, filled with mer¬ 
cury, stand side by side, and the upper 
portion of tube B is surrounded by a 
large tube into which water of any desired 
temperature may be introduced. If a drop 
or two of water is introduced into tube 
B, a depression of the mercury is at once 
apparent. The actual weight of the 
water in comparison with the weight 
of the mercury is negligible, so that 
the depression cannot be due to the weight of the water 
itself, a contention supported by noting that, as the tem¬ 
perature of the water in the jacket rises, the depression of 
the mercury column increases. The amount of water has not 
varied, hence the change in the height of the mercury column 
must bo due to the pressure of the aqueous vapour given off by 
the water. This vapour pressure, together with the pressure 
due to the residual column of mercury, must equal the baro¬ 
metric pressure as registered in tube A. Consequently the differ¬ 
ence in the height of the mercury columns in the two tubes 
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must be a measure of the vapour pressure of the water. Careful 
measurements liave shown that for every temperature there is a , 
iiicd vapour pressure. The vapour pressure curve for uater 



The curve for liquid water ends at 0^ while the upper Umit is 
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set by tlic critical temperature, above which water in the liquid 
form cannot exist. This curve forms a typical V.P. curve for 
all liquids. 

The subject of vapour pressure may, however, be 
approached from another standpoint. Suppose a glass \^ssel 
B with manometer C attached is so arranged that; it 
may be exhausted by an airpump. A is a three-way 
tap to facilitate the evacuation of the apparatus B, and 
to enable water or any other liquid to be admitted. The 

evacuation is carried forward by 
means of the pump until the 
manometer C indicates zero pres¬ 
sure. A small quantity of water 
is then introduced through A. 
The manometer will show an 
abrupt rise in pressure, which is 
independent of the amount of 
water added, provided that suffi¬ 
cient has been introduced to 
leave liquid water in the system. 
By varying the temperature of 
the apparatus a scries of vapour 
pressure readings may easily be 
obtained. 

If water is exposed to the 
atmosphere, it will tend to exert 
the vapour pressure characteristic 
of that temperature. As a rule, 
it rarely succeeds in attaining a value greater than about 
two-thirds of this. Air drauglits and diffusion prevent the 
aqueous vapour from exerting its maximum pressure ; the more 
rapidly the vapour is removed from the neighbourhood of the 
liquid, the more rapidly will the evaporation proceed. 

Chemical Properties.—Owing to its great stability, water, 
though so necessary to many chemical operations, is not a 
reactive substance. Attention has already been drawn to the 
reaction between certain oxides and water {see p. 57). 

Acid oxide + Water = Acid 
SO, + H,0 = H,SO, 

Sulphur dioxide. Sulphurous acid. 
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Basic oxide -f- 
NajO -j- 

Sodiuin oxide. 

CaO -|- 

Calcium oxide. 


Water —> Basic hydroxide 
HjO 2NaOH' 

Sodium hydroxide 

H.O -> Ca(OH), 

Calcium hydroxide. 


soapy teel to the water, and turn red litmus blue Other le« 

hil *0 “'“"■'y "-ith waS 

double deco"C:.t7 ‘heir salts b, 

FeCl3+3NaOH->Fe{OH)3j +3Naa 

The fundamental diflFcrence in the nature of the nroduet fnrm^ 

.■Kj t' r ■'':•■ r," 

to thirz the basic and acidic groups 

decompose by the action of 
ia only 1^0 ^ ''«“'"P<>“i‘ion 

the redaction yr^r to tie rg‘" “>-> -ore is 

H.0->2H + 0. 

This is why at high temperatures water acta na nn « •»* • 

ALthlr ® agent than the hydrogen is a reducer 

binW “ ila capacity 

iL« f to form crystalline substances The 

If 
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owing to the fact that, when the water is expelled, the substance 
generally crumbles to a powder, i.e. effloresces. There is, 
however, no evidence tliat this leads to the formation of an 
aniorphous substance —a term indicating the absence of crystal 
structure and applied to what are really supercooled liquids, e.g. 
glass. These substances containing water of crj'stallisation are 
known as hydrates, A hydrate obeys the laws of chemical com¬ 
bination, i.e. the substance unites with water in a definite pro¬ 
portion by weight. Examples of this are the decahj’drate ol 
sodium carbonate, NajCOj.lOHjO, and the pentahydratc of 
copper sulphate, CuSOijSHjO. Each hydrate has its own 
specific physical properties. Anhydrous copper sulphate is a 
fine white pow’der, which may be obtained in colourless ncedlelike 
crystals. The pentahydrate occurs as large, blue, triclinic 
crystals, the trihydrate, CuS 04 , 3 Hj 0 , forms bluish crystals, 
whilst the monohydrato CuS 04 ,H, 0 , appears as a bluish white, 
friable mass. 

The main effect of heating such hydrates is to expel part or 
all of the water of crystallisation, and as the aqueous solutions 
formed from the various hydrates of copper sulphate and from 
the anhydrous salt are all chemically and physically indistin¬ 
guishable, it has become the custom to write the water of 
crystallisation in an easily detachable way, e.g. NajCOs,10HjO, 
and not H^NajCOij. When exposed to the atmosphere 
many hydrates lose their water of crystallisation. This is some¬ 
what akin to the evaporation of water, and just as the water has 
been shown to evaporate by virtue of its being able to set up a 
definite pressure, and a measure of that pressure is afforded by 
the depression of the barometric column, so too, this method 
should give information concerning the pressure exerted by a 
salt containing water of crystallisation. If a crystal of the 
pentahydrate of copper sulphate is introduced above the mercury 
column of a barometric tube, the column will be depressed by 
an amount depending upon the temperature; hence a vapour 
pressure curve for each hydrate may be constructed. 

• Fig. 39 shows the temperature-vapour pressure curve for the 
hydrates of copper sulphate. At every temperature each 
hydrate has its own particular vapour pressure, provided, of 
course, that the temperature is such that the compound is 
capable of existence. We are now in a position to predict what 
will happen when such a hydrate is exposed to the atmosphere. 




WATER gg 

age vapour pressure of 
water in the atmo¬ 
sphere at 10° is a little 
over 5 mm., so that 
hydrates {ws-scssing a 
higher vapour pressure 
than 5 mm. will gener¬ 
ally be found to de¬ 
compose spontane¬ 
ously when exposed in 
an open dish. Such 
a case is represented 
by Glauber’s salt, 

Na^SO,.10H,O. 

vaSurT t'' 

mamtai..od constant throughout the expcrin.cnt-X'^ %" 
doea the rnonohydrate beg^ t^ forr “au/^" J r 

“Xn riff™- 

prd nre TtHTT""" “°-'>ydratc is complete the 

will hapwn till th ‘‘"‘1 "°«>inB 

been conveXlTnrttXdmL" Xr°'thT'’tl"‘'™“’ 

rm-^ nrruror/^^^^^^ --= 

pressure of the system ean be produced until the reaetionV 

CuS04,3Hj0 + 2H.0-> CuS04,5H>0 

w complete. * 
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The diaCTam in Eig. 40 shows these changes graphicaUy. ^ 
Many salts show a tendency to ddiqwsce. This process is 
the reverse of efflorescence, for should the aqueous 
pressure of the air exceed the vapour pressure of any hydrate 
exposed to the atmosphere, condensation of the water will take 
place upon the hydrate. Calcium chloride and sodium hydroxide 



Fio. 40. 


are examples of substances which deliquesce. It is because the 
vapour pressure of sulphuric acid and calcium chloride is exceed- 
ingly low that these compounds are called into requisition or 
drying gases, i.e. to reduce the aqueous vapour pressure of e 
gas to a negligible amount. 

Composition of Water by Weight.-The composition of 
this compound has been the subject of many important 1 
gations, and among the earlier of these measuremente those ox 
Dumas stand out (1842). His method is shown in Fig. 41. 

Hydrogen, most carefully purified from possible impun 
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by passage through various reagents, was passed over heated 
copper oxide, and the water collected and weighed. 

CuO + 2H^Cu + HjO. 

^c vessel ^ containing the dried copper oxide was weighed 
before and after the experiment. The difference in weight gave 

oxygen combine<l in the water which had been 
collected and dned in the drying tubes, and the ratio hydrogen/ 
oxygen could then be calculated. That the hydrogen used in the 

Tx^deTu^ rT T the pent- 

oxide tube B before and after the experiment. If no change of 

weight occurred, it was assumed that the hydrogen pacing 


KOH pp. 


m PA PA 



Fio. 41. 

through to the copi«r oxide was quite dry. The water generate.! 
in the reaetion was largely eollected in the receiver C. the residue 
being absorb^ in the tube D containing solid potassium 

Mit f- “'“^*”‘"8 “^--ved as a guard tube, the 

acid concentrated sulphuric 

® experiments it was found that in the 

formation of 236-36 gm. of water, the oxygen given up by the 
copper oxide was 210 04 gm., hence ^ ^ 

Water=230-36 gm. 

Oxygen=21004 

Hydrogen = 26 32 

^ therefore 2 : 15-96. 

in 1887 Reiser published results indicating that the ratio 
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obtained by Dumas was possibly somewhat low, the error in 
Dumas’ experiments arising from the occlusion of hydrogen by 
the reduced copper. The effect of this is to make the weight of 
oxygen contained in the collected water lower than it should 
have been. 

In 1805 E. W. Jlorley re determined this very important ratio 

by the direct weighing of the oxygen 
A n and hydrogen which enter into combin- 

^ A J .jB ation, and such was the care and skill 

displayed that his experiments stand 
to-day not only as the most trustworthy 
on the composition of water, but also as 
^ ^ model of experimental skill. 

^ ^ The hydrogen used in his experiments 

^ g was obtained by heating palladium 

^ § hydride under reduced pressure and the 

m ^ oxygen from potassium chlorate. The 

^ @ gases, after thorough drying, were 

^ ^ stored in largo globes. From the differ- 

^ ^ weights of these globes 

^ g before and after the experiment, Morloy 

Si d g obtained the weights of the gases used 

^ \ ^ ^ in the experiment (Fig. 42). The gases 

^ ■ ■ .D I were brought through the taps A and 

kJ 0 2 ^^ passing through the guard tubes 

containing phosphorus pentoxide, into 
the reaction vessel C. The rate at 
which the gases were led into the 
^ apparatus was carefully regulated so 

pjg 42 continuous formation of water 

could be produced by electric sparks 
across the terminals D. The water was condensed and collected 
in the lower part of the chamber, its condensation being acceler¬ 
ated by a surrounding jacket of ice-watcr. At the conclusion 
of the experiment the apparatus was placed in a freezing 
mixture in order to freeze the water in C and to remove as 


much of the aqueous vapour os possible. The residual mixture 
of oxygen and hydrogen was pumped out and analysed, the 
necessary correction* then being mode in the weights of the 
gases used as determined by the globe weighings. As a mean 
of eleven experiments Morley found : 
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Hydrogen used . . . 3-71 OS gru. 

^^‘3'gen .... 29*5335 „ 

Water found . . , 33-2533 „ 

The ratio of hydrogen to oxygen is thus 2 : 15*879 or 2*016 ■ 10 
a i^ult agreeing very well with values obtained by Morley by 
o her methods. Independent workers have since obUined 
exact agreement with Horley’s results. 


Composition of Water by Volume.-This may be deter- 
mined cither analytically or synthetically. The decomposition 
of water by the electric current has already been described 
and the results indicate that hydrogen and oxygen unite 
in the ratio of two parts by volume of hydrogen to one part by 

volume of oxygen. The comiKJsition may be demonstrated 
synthetically in the following way. 

Into the tube A (Fig. 43) is introduced, say, 20 c.c. of hydrogen 

nd lo c.c. of oxygen. By means of a small induction coil a 
spark may be sent through the gaseous mixture. The pressure in 
he reaction vessel is first reduced as much as possible by lowcr- 

foH f sparking, there is a slight explosion 

followed by a marked diminution in the volume. When the 

pre^ure is adjusted, it is found that the residual volume is 5 c.c. 

J^urthcr examination proves that this consists of oxygen (the 

steam condensing to water at the temperature of the room). 

n other words, 20 c.c. of hydrogen combine with 10 c.c. of 

oxygen* * volumes of hydrogen with one volume of 

If the experiment is carried out at a temperature above 100® 
e resultant volume of the steam may bo determined. U the 
gaseous mixture consists of hydrogen and oxygen in the ratio 
tU’ 1 ^ volume, after explosion the new volume wiU bo two- 

hydrogen, i.e. 

vTlL*^ obtained two 

olumes of steam. Ihe experiment can be neatly performed in 

the apparatus shown in Fig. 44. A sufficiently high temperature 

,s: >■' - <■<•“»■ -“.I. 

°"'y of tlio oxygen and hydrogen 
used m thia reaction, but ali» of the resultant steam, may bo 
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represented by small integers, led Gay Lussac to formulate bis 
Law of Gaseous Volumes. 

Whenever gases unite, they do so in volumes which bear 
a simple ratio not only to each other, but also to the volume 
of any gaseous product of the reaction. 

The investigation of the effect of temperature and pressure 
changes upon the volume of a gas has led to the conclusion that 



Fia. 43. Fio. 44. 


Boyle’s Law and Charles* Law (g.v.) are approximately true, 
and do not exactly explain the phenomena which they purport 
to correlate. If, therefore, in the combination of hydrogen and 
oxygen to form steam, the gases are taken in the exact ratio of 
2 : 1 measured at 130**, they would not be exactly in this ratio 
at any other temperature, as the coefficients of expansion of 
oxygen and hydrogen are not quite the same. It follows, there- 
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fore, that if Gay Lussac’s I^aw holds exactly at any one tem¬ 
perature, it will not do so at any other temperature—in short, 
the Law of Combination by Volumes is an approximate law 
and not an exact Law of Nature. 


QUESTION'S 

thJ'ffnTuir h';oT“ composition of water is expressed by 

nn^ydro^dl*^'' differences between a hydrate, a solution and 

of internal energy—equivalent 
quantities of ice, water or at earn, and why ^ 

^ Compare and contrast “ physical *' and “ chemical ’’ change. 

6. Discuss the effect of prossuro upon tho boiling point of a liquid. 

In hydrates are true chomical compounds T 

^^fomont would you consider a solution to bo a 
cnenuenl comi^und or a physical inixturo ’ 

ohL^U anlltMZi'r'' “ ‘‘ 



CHAPTER VIII 

SOLCTIONS-CRYSTALS—THERMOCHEMISTRY 


The formation of solutions has already been shown to depend 
not only upon the solvent but also upon the solute, e.g. mercuric 
chloride dissolves readily in alcohol but sparingly in cold water, 
whilst cobalt chloride dissolves in both. But there are other 
factors which also exert an influence upon the formation of a 
solution—notably temperature and pressure. 

If a large crystal of copper sulphate is placed in the bottom of 
a tall cylinder and a column of water poured over it, there appears 
at first to be no action. However, after a few days, the layers of 
liquid in the immediate neighbourhood of the crystal take on a 
more or less blue colour, the depth of the colour shading off as 
the distance from the crystal increases. If the cylinder is placed 
in a position where it is not subjected to vibrations, it will bo 
months before the solution is of a uniform concentration. If the 
experiment is repeated with hot w'ater instead of cold, the speed 
at which the blue colour is disseminated throughout the liquid 
show’s a marked increase. A rise of temperature undoubtedly 
accelerates the rate at which the copper sulphate dissolves in 
water, but does it increase the absolute amount of salt dissolving 
in a given amount of water ? The answer to this question is 
obtained by shaking up powdered copper sulphate in a stoppered 
flask filled with w’ater until no further solution occurs. On 
raising the temperature, say 50®, it is at once evident that not 
only is the speed of solution accelerated, but there is also an 
increase in the absolute amount dissolved during the course of 
the experiment. On the other hand, if the copper sulphate is 
replaced by calcium acetate, less salt dissolves at the higher 
temperature than at the lower, though the increase in temperature 
certainly increases the rate of solution. 

The key that enables one to predict whether a substance will 
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become more or less soluble as the temperature rises, is the Law 
oJ vanH Hoff, which is really a special case of the General Prin¬ 
ciple of Le Chatelier, already enunciated (p. 58). The process 
of solution is attended either by the absorption or the evolution 
of heat; ammonium chloride, e.g., absorbs heat when dissolving, 
whilst calcium hydroxide evolves it. Suppose that a beaker 
contains a solution of ammonium chloride in contact with 
crystals of that substance, and suppose that the solution is 
saturated, i.e. the amount in solution is the maximum quantity 
which will dissolve in the solvent at this temperature. If the 
temperature of the solution is raised, that process must set in 
which will tend to restore the former equilibrium, i.e. which will 
absorb heat, consequently more solid ammonium chloride will 
dissolve. In short, in order that a permanent rise in the temper¬ 
ature of the solution may be effected, solid always being present, 
the solution must become stronger. Substances which absorb 
heat on solution in their nearly saturated solution will, therefore, 
be more soluble with rising temperature; conversely, substances 
which dissolve in their nearly saturated solution with the evolu¬ 
tion of heat will be rendered less soluble by a rise in temperature. 
Should a substance dissolve without the evolution or the absor]>- 
tion of heat, temperature will have no effect upon its solubility. 
This condition is nearly fulfilled by sodium cliloridc (Table 14). 


TABLE 14 


Salt. 

Ilcdt of K>lutlOQ. 

Solubilll)' in 100 gm. of loh-cot. 

at 0* 

40* 

80* 

So<lium chloride . . . 

Calcium acetato . , , 

Calcium hydroxi<lo , , 

Ammonium chloride . . 

Potassium nitrate . . . 

-1-22 Cal. 

+ 2-8 „ 
-40 

-85 ., 

2G-3 

37-4 

013 

22-7 

13-3 

2005 

33-2 

010 

31-4 

03-9 

1 

1 

27-6 

33-5 

007 

30-6 

160 


(For unita of measurement of heat see p. 20.) 

Fig. 45 shows the solubility curves (temperature-concentration 
graphs) for a number of commonly occurring inorganic substances. 

Let us now investigate the solubility curve from another 
aspect. Take Fig. 46, the temperature-concentration curve for 
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ammonium acetate. A solution which has been saturated at a 
high temperature and which is in contact with solid crystals, 
will continue to deposit crystals as the temperature falls. In 
other words, if we start from the point Af as the temperature 



Fzo. 45. 


decreases, crystals of ammonium acetate will fall out of the 
solution and we shaU pass along the curve ABO. Provided the 
solution is held at the one temperature sufficiently long for 
equilibrium to be established, the concentration at any one 
temperature may be read off from the curve. But let the 
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experiment be repeated with a saturated solution from whinh 
all crj’stals have been excluded. Under such conditions it 
happens frequently that, as the temperature falls, no change 
whatever in the concentration of the solution occurs, i.e. we 
pass from the point A to the point D. If, however, a tiny 
crystal of ammonium acetate is introduced as a nucleus into a 
solution, the temperature and concentration of which are repre* 
sented by the point D, instantaneous crystallisation with a 
Mnsiderable evolution of heat w'ill at once set in, and the con- 
oitions of equilibrium as regards temperature and concentration 

wiU at once be given by a point on the curve ABC, All solutions 
whose temperature 
and concentration 
are represented in 
the area above the 
curve ABC will ex- t; 
hibit this phenome- c 
non. Such solutions 
are know'n as super- S 
saturated. Super- | 
saturated solutions 
are in a state of 
‘oieiastahilily, which 
la at once destroyed 
the introduction 



of a crystal of the solute. A somewhat similar phenomenon is 
sho^ in the supercooling of water below 0“ without freezing 

siting in. This meta-stable state is destroyed by the introduc¬ 
tion of a spicule of ice. 

Careful investigation has shown that many solubility curves 
8 low sudden breaks or changes in direction. Such a cose is ex- 
omplified by the deca-hydrate of sodium sulphate (Fig. 47). The 
irection of the solubility curve is, we have seen, fixed by the 
eat of solution, and it is scarcely probable that this heat of solu- 
lon will suddenly change its magnitude or its sign. Rather it is 
probable that a new phase or substance has come into existence 
which possesses a different heat of solution. This can cosily be 
proved by analysing the solid phase in contact with the solution 
® temperatures above and below where the break in the curve 
^^urs. In the above case analysis show’s that above the 
ujperature 33® where the break comes, the solid phase in contact 
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with tlie solution is no longer the deca-hydrate of sodium hydrate, 
but anhydrous sodium sulphate itself, even though the solid 
added to the liquid is the deca-hydrate. Thus at 33“ the reaction 
NajSO 4 ,l 0 H 2 O—>-Na 2 S 04 +lOHjO sets in. The investiga¬ 
tion of the solubility curve to see whether any well defined 
breaks occur is a valuable aid to the vapour-pressuro method 
{p. 99) for investigating the existence of hydrates or compounds 
containing water of crystallisation. 

The effect of pressure upon solutions of solids or liquids is 
very slight. If the formation of a solution is attended by a 
volume decrease, the application of Le Chatelier’s principle 



predicts that with increasing pressure the substance will become 
more soluble, and conversely. 


Solubility of Gases.—The effect of pressure upon the 
solubility of gases is. however, very marked. Suppose a gas is 
enclosed with a liquid in a cylinder having a frictionless piston. 
Particles of the gas strike the surface of the liquid and some 
are retained by the liquid. Sooner or later the time must come 
when the number of such particles retained in this way is 
just counterbalanced by the number which slip out again. The 
liquid is then saturated with the gas. Now let a weight be placed 
upon the piston, thereby causing an increase in the pressure of 
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he gas. That process at once sets in which will fend to restore 
the pres.,ure to its original value (Lc Chatelier’s law), i.e, more 
g^ deisolves because, by so doing, the pre.s.sure of the gas is 
imini.shed. Thus the soliibUity of a gas increase.s with the 
pres.sure This law. connecting pressure and solubility of a gas 
« named after Henry, its discoverer, and may be eimnciated 

soluttorof" ‘he concentration of a saturated 

solution of a gas is proportional 

to the pressure at which the gas 

is supplied. Since, according to 
Boyle’s Law, the volume of a gas 
is inversely proportional to the 
pressure, the law may be stated : 

At constant temperature, a 
given volume of a liquid will 
absorb the same volume of a gas 
at all pressures. A suiublo 
apparatus for testing the solubility 
of gases is shown in Fig. 48. 

The gas under investigation is 
admitted into the measuring tulx) 

A through the three-way tap b by 
first raising and then lowering li. 

The pressure of the gas in A is 
made equal to that of the atmo¬ 
sphere by levelling the mercury in 
A and B and the volume of gas in 
A is then read. The absorption 
vessel C is filled with the desired 
liquid by means of the three-way 
tap a and vessels A and C put into 
communication. By raising B and 

represent the amount of gaa transferred from 

and the gas remaining in C 
m~ 1 f f ‘he tape under 

loJumeVtb diininution in the 

volume of the gas gives the amount absorbed by the liquid in C 

G^s which react chemically with the solvent, e.g. carbon 

•dioxide, ammonia, apparently do not obey Henry’s Law 
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COj + HjO—^-HjCOj (Carbonic acid) 

NHj H-HjO—>NH 40 H (Ammonium hydroxide) 

The following table shows the variation in the case of 
ammonia at 0®: 


TABLE 15 


P^rtta) prc&suiD Id mm. 

Weight of ammonia disaolvcd 

In 1 litre o( water. 

Welght/p. 

20 

82 

41 

40 

148 

37 

60 

199 

3-3 

80 

240 

30 . 

100 

280 

2-8 


If the law were obeyed the ratio wt/p would be a constant. In 
this calculation the weight included the total quantity of dissolved 
gas (that present as NH4OH as well as NH3). Experiment has 
shown that if the free ammonia gas only is included in the 
calculation the law of Henry is obeyed. 

Solutions of Liquids in Liquids.—^The laws governing the 
solubility of solids and of gases in liquids have been discussed, 
and it remains to consider the solubility of liquids in liquids. 
In many cases it is possible to obtain complete miscibility of two 
liquids, c.g. methyl and ethyl alcohol will mix in all proportions 
with water to form homogeneous solutions. Often, however, 
it is found that, on shaking the liquids together, two layers 
separate out, the upper one being a solution of .6 in A, the lower 
of A in B. Up to a limited extent the one is completely soluble 
in the other, but when the proportion exceeds a certain value, 
the two layers separate out. This case is well shown by adding 
carbon disulphide, chloroform or ether very slowly to water. 

Partition or Distribution between Two Solvents.—If, 
to a double layer of partially miscible liquids, a substance is 
added soluble in both, it will distribute itself between the two 
solvents in a manner proportional to its solubility in each solvent. 
Iodine in the presence of carbon disulphide and water or of chloro¬ 
form and water is an excellent illustration of this. The bulk of 
the iodine goes into the non-aqueous layer owing to its greater 
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extractions iodine may 

nLnth.e, nf “"r T"T ^““11 

J1 of one of the above mentioned solvents This is 

to rlmoW t"h Theoretically it is impossible 

WactLT i "" ^o-npletoly from the aqueous laj^er, but 

Til ir ifeTfr®’ ‘’"r " extractions suflice to remove 
all but the last races of iodine from the aqueous layer This 

"ffaolubility of iodine in water and its high 
solubility in carbon disuliihide or chloroform. ® 

prS’erttfof tlfe“'“*‘r';®-~f“““ kinetic 

^lltinnTh have already been discussed. These 

solutions homogeneous only so long as they are not observed 

S' pi-to cold water, or a 

starch is treated 
with hot water 
and afterwards 
diluted withcold, 
the solution pro¬ 
duced iscolloidal, 

A very simplo 
method of pre¬ 
paring colloidal 

solutions of Fio. 49. 

many metals, c.g. platinum, ha.s been de.scribed A small 
vessel (Fig. 49) is filled with distilled water' two picTs ol 

b^Zv^ “ ““ tbe terminals of a WO volt 

battery, are cautiously brought into contact below the surface 

and ir^ ''™ken. A smaU arc is formed 

and the solution rapidly turns broi™. The process has to be 

nrn possesses in a marked degree the catalvtfc 

^Udd!r associated ivith platinum metal. As a rule 

varioi et •‘°7 coagulated by heat, as weU as by 

feati“ ^ the'r P"k^P“ ‘ko- most interesting 

will naaa th "““'komogcneity already discussed. A coUoid 
pass through aU but speciaUy prepared filters. 

^c/inKma of 5o/idion.—Solutions are mixtures which appear 
homogeneous m ordiuaiy daylight, and whieh cannot be separated 
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by ordinary meclianical means into their constituent parts. In 
order to effect sucii a separation the physical stato of one of the 
components must be changed. 

The concentration of a solution may be defined as the amount 
of the solute which may be dissolved by a given weight of the 
solvent. 

The concentration of a solution may be qualitatively referred 
to as dilate and as concentrated. A quantitative method for 
expressing the concentration of a solution in the terms of a 
suitable chemical unit will be dealt with in a subsequent chapter. 

Crystallisation of Salts from Solutions. — By mere 

evaporation of an 
unsaturated or 
saturated solution, 
the dissolved sub¬ 
stance may be ob¬ 
tained in the form 
of crystals ; so the 
cooling of solutions 
of different sub¬ 
stances will induce 
crystallisation t o 
set in. The un- 
snturated solution 
of the temperature 
and concentration 
represented by A 
(Fig. 60), will deposit crystals so soon as the temperature has fallen 
to such an extent that the horizontal AB cuts the curve DBC. 
Should a small quantity of a soluble impurity bo present, it is 
improbable that the solubility of this impurity will be exceeded 
at any stage of the crystallisation, so that this substance will 
bo left in the mother liquor. If the crystals are redissolved 
and several times reorystallised, the amount of impurity, except 
in certain exceptional cases, left in the crystals will be reduced 
to a negligible amount. This is the process of purification by 
re-crystallisation. 

Separation of Two Salts by Crystallisation.—X mixture of 
two salts, such as sodium chloride and potassium chloride, 
may be separated by the process of repeated fractional crystal¬ 
lisation. At 100^ 100 gm. of water will dissolve 39*8 gm. 
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of sodium chloride, and SC-7 gm. of pota.ssium chloride An 
examination of the solubility curvc,s of tl.cse substances (Fie 51 ) 
rp-eaIs the fact that the solubility of sodium chbHde 

300 “™'“"“'' -'V "f ‘he temperature (at 20“ 

JOO gm. are dissolved), wliilst temperature exerts a rnn 

(^^^" 20 '“ "’’“r “T potiussium chloride 

^hc socmm salt will crystallise out and“22";„-n 

Mit. If the impure crystals are rediasolved and recrystallised 
many times, it is clear that wc shall ultimately obU^ p^re 



Te/nperstu/ 

«r fio* ott 

Fio. 51. 


/W //O' 


potassium chloride from the crystals, and if the mother liquor 
la worked up, pure sodium chloride may also bo separated^. 

Crystals 

All crystalline substances of definite composition possess a 
definite crystaUino structure which is characteristic oT tha? 

te dTrr'l' 1 ''“ “““ ™hstanco Appear 

<>1 oj the eame aubstaZ are 

^cl y the same arid are characteristic of that suhstarice The 

MceteT angle is thus of paramount import- 

in shL °T""® “‘““a-- ‘o‘m, for, however alike 

wIcssTheTnt rt ‘*“^1 aahstanoo 

to ha '‘ZSnd 
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Often, however, a compound has the property of crystallising 
in more than one crystalline form, i.e. of exhibiting polyinorphism. 
Sulphur, for example, gives rise to rhombic crystals below 95*5’ 
and to monoclinic crystals above that temperature. Such a sub¬ 
stance is dimorphous. A rarer occurrence is the crystallisation 
in three forms. Titanium dioxide is a trimorphous substance. 

Crystal Forms.—Although the variety of geometric forms 
met with in naturally occurring and in artificially prepared 
crystals is almost infinite, yet they can be classified in six systems 
according to their planes of symmetry. A plane of symmetry 
is an imaginary plane dividing the crystal inlo two parts such 
that one part is the mirrored refleclion of the other. 

The following are the six crystal forms : 

1. The regular system. This is the most symmetrical sj'stem, 
possessing, as it does, nine planes of symmetry, three of which 
intersect at riglit angles to each other, the remaining six at 
angles of 60®. Examples : sodium chloride, garnet, diamond, 
alum. Fig. 52. 

2. The hexagonal system. Crystals possess seven planes of 
symmetry, one principal plane and six others at right angles to 
the principal plane. Examples: quartz, calcito, apatite. Fig. 
63. 

3. The quadratic or tetragonal system. Crystals possess 
five planes of symmetry, one principal plane and fo\xr other 
planes at right angles to the principal plane and intersecting 
each other at angles of 45®. Examples : zircon, tin, potassium 
ferrocyanide, nickel sulphate. Fig. 64. 

4. The rhombic system. The crystals possess three planes 
of symmetry at right angles to each other. Examples: potassium 
permanganate, iodine, silver nitrate. Fig. 55. 

5. The monoclinic system. The crystals possess one plane 
of S 3 rmmetry. Examples: gypsum, sodium carbonate (deca- 
hydrate), tartaric acid. Fig. 66. 

6 . The triclinic system. The crystals possess no planes of 
symmetry. Examples: copper sulphate (pentahydrate), anorthite. 
Fig. 67. 

The essential difference between a crystalline and a non¬ 
crystalline substance is one of internal structure, of molecular 
arrangement. An amorphous or non-crystalline substance is 
simply a super-cooled liquid which has not taken on any definite 
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c^stallme form in the process of soUdification. The properties 
of an amorplious substance are the same, whatever direction 
they are measured in. A crystal of glass cut in the form of a 
calcite crystal will react with hydrofluoric acid at a uniform rate 
all over the surface, but a crystal of calcite itself dissolves more 
rapidly in one direction than in another. The thermal conduc- 
tivity of quartz differs according to whether the section is 
cut perpendicular to, or parallel to, the principal axis,’whereas 
that of glass or of rock salt (regular system) is independent of 
the direction m which the section has been cut with reference to 



the axis. If a slab of glass or of rock salt is cut, covered with a 
la^r of wax, and a heated point brought into contact with the 
surface, it is found that the wax melts so as to form a circle ■ so 
too m the case of quartz provided the section is cut perpendicular 
to the principal axis, but if the section is cut paraUel to this axis 
the wax melts in the form of an ellipse. 

SimUarly, light passes through crystaU of the regular system 
as wcU as through an amorphous substance (glass) at the same 
rate m all directions, but a differential speed is observed in the 
case of calcite. When suspended in a suitable solvent, amor¬ 
phous substances and crystals of the regular system have been 
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found to dissolve regularly in all directions, but crystals of 
other systems do not dissolve at a uniform rate all over the 
surface. 

Isomorphism.—In 1818 Mitscherlich discovered that the 
crystals of the arsenates and phosphates of potassium were so 
much alike as to be almost indistinguishable. He concluded 
that the' same number of atoms combined in the same manner 
produces (he same crystalline form ; the crystalline form is indepen¬ 
dent of the chemical nature of the atoms, and is determined solely 
by the number and mode of combination. The phosphorus present 
in potassium phosphate may be replaced by arsenic without 
effecting the crystalline form. Such related compounds are 
known as isomorphs. l^Iany such are now known, not only 
in the artificial, but also in the natural world, e.g. aragonite 
(CaCOj), witherito (BaCOj), strontianite (SrCOs), cerussito 
(PbCOj), all form isoinorphous crystals (rhombic). Careful 
measurements have revealed that, closely though these sub¬ 
stances resemble each other in crystal form, there is a small 
but measurable difference in their intcrfacial angles. 

In order to establish the isomorphism of crystals, it is not 
sufficient merely to establish the similarity in their crystal form. 
This is, of course, especially true of the cubic system, where 
similarity of structure docs not by any means go band in hand 
with similarity of chemical composition. 

As further criteria of isomorphism are to bo noted : 

1. The power to form layer crystals or overgrowths. 

2. The power to form a continuous series of mixed crystals 
which show a regularity of physical properties. 

As an example of the former may bo mentioned the power of 
chrome alum to induce crystallisation in a saturated solution of 
potassium alum, of zinc sulphate to form an overgrowth of green 
nickel sulphate. With respect to the formation of mixed 
cryatab, not only should it be possible to form a continuous 
series of mixed crystals varying in composition from 100 per 
cent. A to 100 per cent. B, but the physical properties of these 
crystals must likewise show a steady change as the composition 
changes from 100 per cent. A to 100 per cent. B. 

Thermochemistry 

The solution of a substance, we have learnt, may be accom¬ 
panied either by an evolution or by an absorption of heat, and 
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so with chemical reactions. A piece of sulphur, when burnt in 
air, evolves heat, and the product of the oxidation, sulphur 
dioxide, evolves heat when it combines with water or with 
6<^um hydroxide. When the sulpluir was oxidised to sulphur 
^oxide, there was a degradation of the cliemical energy stored 
in the sulphur and the oxygen, and this was manifested in the 
liberation of a certain amount of heat. The chemical cnerpv 
of the product formed differs from that of the original elements. 
This is a general statement—Every chemical reaction in¬ 
volves a change, not only in the form of the matter, but 
also in the energy content of the system. 

The unit of heat in physical work is the calorie—the amount 
of heat required to raise one gram of water one degree. In 
chemistry, however, wo do not compare equal weights of sub¬ 
stances but formula weights (molecular weights). Tiie heat 
of formation of sulphur dioxide is the heat evolved, measured 
in calorics, when 32 07 gm, of sulphur combines with 32 gm 
of oxygen to produce 04 07 gm. of sulphur dioxide. In practice’ 
the caloric of the physicLst is inconveniently small, and the 
kilogram caloric (Cal.) is often adopted—the amount of heat 

required to raise the temperature of one kilogram of water one 
degree. 


S 05 -|-Hj 0 —^II,S 04 4-21320 cal. or 21-32 Cal. 

Seeing that the conversion of solid to liquid, of liquid to gas is 

always associated with a definite heat transference, it is necessary 

to indicate the state of aggregation, not only of the reacting 

substances, but also of the products of the reaction, as in the 
equation, 


H,4-0 H,0-f-68-8 Cals. 

Oafl. Goa. Gas. 

H, 4- 0 H,0 -b 68-4 Cals. 

G(Ui* Gas» Li(|. 

8*0 of 18 gm- of steam to liquid sets free 

of reaction or of solution are readily determined 
by measuring the heat evolved when measured quantities of 
^0 reacting substances are brought into reaction in a suitably 
desired calonmeter. m which the rise of temperature produced 
m a known mass of water by these knoivn weights of the reacting 
^bstances « measured with an accurate thermometer. Measure 
menta made in this way show that in some reactions heat is 
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evolved {exothermal reaclions)y whilst in others heat is absorbed 
{endothermal reaxiions). 

The Law of Conservation of Energy {q.v.) predicts that the 
heat of formation of every substance is numerically equal to 
its heat of decomposition, but of opposite sign. 

Ba + 0-y BaO + 124-4 Cal. 

BaO + 124-4 Cal. Ba + 0. 

This does not mean that every reaction is capable of reversal 
if the necessary quantity of heat is at hand. The heat must 
be supplied at a sufficiently high temperature in order that it 
may be absorbed. To take an analogous case—a large amount 
of water in a tank ; the amount of work available depends not 
only upon the weight of water stored, but also upon the height 
above sea-level. Generally speaking, if the requisite heat is 
supplied electrically, the substance will decompose, and in so 
doing, will absorb an amount of heat equal to its heat of 
formation. 

As a further deduction from the Law of Conservation of 
Energy, it follows that the amount of heat evolved during the 
formation of a given compound is the same, whether the sub¬ 
stance is formed directly or in a scries of intermediate stages. 
The heal of formation, therefore, depends only upon tite initial 
and final stages of the system. This is Hess’s Law of Con¬ 
stant Heat Summation. 

The following equations exemplify this :— 

C + O-^CO +26 Cals. 

C0 + 0->C0a + 68 Cals. 

C +20^ CO.+ 94 Cals. 

that is, the direct combination of carbon and oxygen to form 
carbon dioxide leads to the evolution of 94 Cals. The same 
amount of heat is evolved if the carbon is first oxidised into 
carbon monoxide, and the monoxide then converted into 
dioxide. Many experiments confirm this law. 

Questions 

1. Construct the solubility curve of zinc sulphate from the following 
data:— 

100 gm. of water dissolve the following weights of this salt at the various 
temperatures: 

Temperature . . « • 0® 26® 60" 70® 80* 00® 

Weight in grams . . 41-0 68 70-8 88-7 80-0 63*7 
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2. What reason would you assign for the greater solubility of a gas 
with rising preasuro ? 

3. The solubility of pure oxygen in water at 20” is throe volumes per 
100 volume. What volume of oxygen would dissolve in a Hero of water 
from the air at 20” and under a pressure of 10 atmospheres ? 

4. Give a brief account of the law of Isomorphism. 

6. Ice and water are in equilibrium with each other in a tube. What 
happens if the pressure upon the system is increased (apply the Le Chate- 
her principle). 

6. On dissolving 100 gm. of anhydrous copper sulphate in water, 9,900 
c^s. are evolved, whilst the same weight of crystallised copper sulphate 
(CuSO^.SHjO) gives an absorption of 1,100 cals.; determine the heat of 
hydration of the anhydrou.s salt into the penta-hydrate. 

(The heat of hydration refers to the heat generated when the molecular 
woicht expressed in grams is hydrated, in this ca.so 03 0 + 32 + 04 gin. of 

weight of water can be formed from 1 lb. of potassium chlorate 
and 2 oz. of zinc treated with an cxccaa of acid ? What weight of hydrogen 
or oxygon wiU be left in excess 7 ^ e> 



CHAPTER IX 

MOLECULAR AND ATOMIC WEIGHTS 


Avogadro’s Hypothesis.—The Law of Gay Lussac govern¬ 
ing tlio combination of gases by volume rapidly led to most 
important results. It had been recognised for some time 
(Dalton’s Atomic Hypothesis; 1802-1805) that the atoms of 
tlie elements unite in simple proportions, one to one, etc., whilst 
the new law of Gay Lussac emphasised the fact that gaseous 
elements unite in simple proportions by volume. The atomic 
structure of matter, viewed in conjunction with the experimental 
law of volumes discovered by Gay Lussac, leads to the inference 
that the number of atoms, contained in equal volumes of gases, 
must bo in the ratio of simple whole numbers. The simplest 
assumption is, of course, that equal volumes of gases contain 
equal numbers of atoms, but a consideration of the reaction 
between hydrogen and oxygen renders this view untenable. 

2H -b 0 ->H,0 

2 vols. 1 vol. 2 vols. 

Suppose that each volume contains n atoms, then: 

2n atoms H + n atoms 0 —>• 2n atoms H,0 

i.e. two atoms of hydrogen must react wth one atom of oxygen 
to produce two compound atoms of steam. As each atom of 
steam must contain an oxygen atom, it follows that the oxygen 
atom must be chemically divisible—a conclusion in direct 
contradiction of the atomic theory, which postulates the non¬ 
divisibility of the chemical atom. 

Similarly in the reaction 

H + a. -j-HCl 

1 vol. 1 vol. 2 vols. 

every atom of hydrogen and of chlorine must be capable of 
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division into two parts in order that 2n atoms of tlie compound 
gas may be formed. 

Full rcconcUiation between the demands of Dalton’s Atomic 
Theory and of the Law of Combining Volumes was not brought 
about tm the time of Avogadro (1811), a brilhant Italian chemist, 
who was led to the conclusion that the particles present in a 
gas, whether simple or compound, are really aggregates of 
atoms, which are capable of subdivision when reaction takes 
place. These aggregates he named molecules. 

The essential postulates of Avogadro’s Hypothesis are 

1. Molecules of an elementary gas are made up of two or more 
atoms of the same clement. 

2. Compound molecules are made up of two or more atoms 
of different elements. 

3. The molecule of an element, when reacting with tho mole¬ 
cule of another element, splits into parts (atoms). 

4. Equal volumes of all gases under the same conditions 

of temperature and pressure contain the same number 
of molecules. 


6. The relative weights of the gaseous molecules can 
be determined by comparing the weights of equal volumes 

by comparing their gaseous densities. 

Ihis conception of Avogadro that gases consist not of atoms 
hut of molecules which are capable of subdivision at the moment 
of reaction, and that equal volumes of all gases contain, under 
the ^mo conditions of temperaturo and pressure, tho same 
number of molecules, has had most fruitful results in system¬ 
atising the science of chemistry. Gaseous reactions such as : 


H + Cl. HCl 

1 vol. 1 vol. 2 vols. 

2H 4- O H.O 

2 vola. 1 vol. 2 voU. 

3H + N ^ NH, 

3 vols. 1 vol. 2 vols. 

^como at onco easy of interpretation. In tho reaction between 
ydrogen and chlorine n molecules of hydrogen unite with n 
molecules of chlorine to form 2n molecules of hydrogen chloride. 

H + C\ HCl 

n mols. n mols. 2n mola. i 

1 idoL 1 moK 2 mold. 

Consequently each molecule of hydrogen and of chlorine must 
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subdivide into two atoms at the moment of reaction. An 
investigation of other reactions in which these gases take part 
confirms the inference that the molecules of hydrogen and 
chlorine are di-atomic. The equation may then bo written 
in a molecular way 

H, + Cli-^2Ha 

The reaction between hydrogen and oxygen to form steam is 
capable of similar interpretation. 

2H + 0 ^ H,0 

2 vols. 1 vol. 2 vols. 

2n moU. n mol. 2n mols 

i.e. 2 mols. + 1 mol. 2 mols. 

Tliis at once suggests the divisibility of the oxygen molecule 
into two atoms—a conclusion in complete agreement with the 
results obtained from other reactions in which oxygen partici¬ 
pates. The equation, witten molecularly, then becomes; 

So, too, in the more difficult reaction between hydrogen and 
nitrogen to form ammonia. 

N + 3H ^ NH, 

1 vol. 3 vols. 2 vols. 

n mols. 3 n mols. 2 n mols. 

I mol. + 3 mols. 2 mols. 

The assumption of the di-atomicity of nitrogen leads to the 
equation: Na+3H, —» 2 NH 3 

The Relative Weights of the Molecules—Molecular 
Weights.—This fruitful and suggestive hypothesis of Avogadro 
has played an invaluable part in the development of theoretical 
chemistry, but in no branch has its influence been so boundless 
as in moulding our conception of molecular weights. The 
actual physical measurement of the weight of a molecule has 
long been recognised as being beyond the achievement of the 
scientist, but a consideration of the above hypothesis in all its 
bearings leads to the conclusion that the relative weights of the 
molecules of gases may be readily determined by a comparison 
of the weights of equal volumes of the gases. 

Suppose that a certain volume V, containing n molecules of 
oxygen, is taken. It follows that the volume V of any other gas 
measured at the same temperature and pressure, will also contain 
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n molecules of the gas. If the weight of this volume V of the 
different gases is determined, it follows that 


weight of volume V of oxygen weight of n molecules of oxygen 
weight of vol. Tofany other gas weight of n molecules of any 

other gas 

_ w^eight of one molecule of oxygen 


hence 


weight of oue molecule of any other gas 


weight of 1 gram mole of any gas 

=weight of 1 gram mole of oxygen 

^ weight of 1 litre of the gas 

weight of 1 litre of oxygen 

=32 grams x of 1 litre of the gaa 

1*429 grams 

=22*4 X weight of 1 litre of the gas. 

In other words, if oxygen is chosen as the standard gas, and 
any arbitrary weight assigned to its molecule, the relative weight 
of a molecule of any other gas may be determined by comparing 
the weights of equal volumes of oxygen and the gas in question, 
i.e. by comparing their densities. Owing to hydrogen being 
the lightest known gas, this element was until recent years 
selected as the standard gas. Since hydrogen is diatomic, its 
molecule weight was taken as 2. In this way the following 
table of molecular weights has been constructed. In column 3 
the density of the standard gas is recorded as 1, and in the last 
column its molecular weight as 2. 


TABLE 10 


Hydrogen . , 

Oxygon . . . 

Cldorino , 
Hydrogen chtorido 
Carbon dioxido 
Water 


WeiKht t>r 1 Utre. 
X.T.P. 

Deniiiv. 

U 1. 

MoleculAT wcltfht. 
U - 8. 

0 Q809 

1 

2 

1*429 

10*88 

31*70 

3*100 

30*18 

70*30 

1*039 

18*21 

30-42 

1*977 

21*90 

43-92 

0*8040 

8*030 

17*88 


—V *vr* wiiiuii wm soon oe oiscussca more luily, the 

hydrogen standard has in recent years been replaced by the oxygen 
standard, the molecular weight of oxygen being assumed to 
be 32. The following table is thus obtained; 
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TABLE 16a 



WelisMot 1 litre. 
N.T.P. 

Obaen'ed molecular 
weight. 0*33. 

Hydropen. 

Oxygen . 

Nitrogen. 

Hydrogen chloride. 

Carbon dioxide. 

Sulphur dioxhlo. 

Hydrogen sulpludo. 

Water. 

008987 

1-429 

1-251 

1-G398 

1- 977 

2- 9260 
1-537 
0-8045 

2-010 

32-00 

28-00 

36-46 

44-00 

64-00 

34-07 

18-010 


The values recorded in the last column are obtained from 
the second by multiplying by the ratio 32/1*429. If the gram 
is the unit of weight employed, the molecular weight is generally 
referred to as the gram-molecular weight, or. in short, the 
gram mole. 

Gram Molecular Volume.—The weight of one litre of the 
standard gas (oxygen) at 0® and 7G0 mm. is 1*420 gm. The 
volume of oxygen which weighs 32 gm. is thus 32/1*429, i.e. 
22*39 litres, or roughly 22*4 litres. This volume is knowm as 
the gram-molecular volume —the volume which contains the 
gram-molecular weight of any gas at 0® and 760 mm. Conse¬ 
quently the following rule for finding the gram-molecular weight 
of a gas may be stated : Find the weight of a known volume of 
the substances at any temperature and pressure at which it is 
gaseous; reduce this volume to standard temperature and 
pressure (0® and 760 mm.) and calculate by proportion the 
weight of substance which will fill 22*4 litres under the same 
conditions of temperature and pressure. 

The Adjustment of Molecular Weights.—The above 
method of obtaining the molecular weight—invaluable as it 
is—yet leads to a more or less approximate value. First of 
all, the measurement of the density of gas by any of the usual 
methods employed for determining this constant (q.v. Chapter 
V), generally involves an error of the order 0*1*^*6 per cent., 
and secondly, owning to the deviations shown by all gases to the 
gas laws, aU results obtained by the application of these laws 
are boxmd to be of an approximate nature. Avogadro’s Law is 
in, itself an approximation, o^ving to the deviations in the 
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i>ehaviour of gases from that of an ideal or perfect gas to which 
alone the gas laws rigidly apply, so that all deductions as to the 
molecular weight based upon the application of Avogadro’s 
Hypothesis must have only an approximate value. In this 
case, however, this is no great hardshij), as there is at hand a 
method for adjusting the molecular weight, providwl we know 
the approximate value of that molecular weight. This adjust¬ 
ment depends upon our knowledge of the combining weights 
of the various elements. The actual value of these combining 
weights is capable of very exact measurement at the hands of 
skilled analysts, and they are known to a degree of accuracy 
far exceeding the accuracy with which a vapour density (i.e. 
molecular weight) determination can be made. 

The valency of an element has been defined as the ratio of 
its atomic weight to its combining weight (see p. 87), hence 

But the molecule is compo.scd of a definite 
number of atoms, so that the molecular weight=7nA.W.=wmC.W. 

If the integer mn can be determined, it is obvious that the 
molecular w'eight may bo accurately obtained from the com¬ 
bining weight. An approximate value of the molecular weight 
as given by the vapour density method, coupled with the knowledge 
of the combining weight, suffices to fix the value of mn, so that the 
adjusted molecular weight of the element may then be at once 
obtained from the combining weight. 

In the case of compounds that are capable of vaporisation 
the usual vapour density measurement, e.g. that of Victor 
Meyer, gives the approximate value of the molecular weight. 
The compound must then be accurately analysed, and the 
results expressed on a percentage basis. As an example, the 
compound phosphorus fluoride will serve. Analysis shows that 
this compound contains 75*40 per cent, of fluorine and 24*60 
per cent, of phosphorus, while the unadjusted molecular weight, 
as determined by the measurement of its vapour density, was 
126*46. The next step is to distribute the gram-molecular 
weight between the two elements in the ratio of 75*40/24*00, i.e. 

75*40 

X 120*40=95*35 
P=^X12C-46=31-H. 

The combining weight of fluorine is known to bo 19, of phos- 
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phorus G-2, so that mn for fluorine is nearly, whilst for 

0111 

phosphorus tnn=- -^=5 nearly. Hence the adjusted mole- 

cular weight is 5x19+5x0-2 = 126. 

The following table of molecular weights of elements and 
compounds has been obtained by this method : 


TABLE 17 


Hydrogen 
Oxygen . . . 

Nitrogen . . . 

Chlorine . 

Hydrogen clilorido 
Carbon dioxide . 
Hydrogen sulphide 
Ammonia 
Phosphorus trichlorido 
Phosphine . 

Methane . 

Acetic Acid . 

Mercury . 

Mercuric chloride 


Wclaht of 
l litre. 

N.T.P. 

' MoIf^nUr 

obtaliiod. 

0*32 

0-08087 

2012 

1-429 

32 

1-2507 

28-07 

3-220 

72-01 

1-0.308 

30-00 

1-9708 

44-27 

1-537 

34-43 

0-7708 

17-20 

6-1138 

130-05 

1-.544G 

34-0 

0-7128 

15-00 

2-0849 

00-14 

8-870 

198-3 

12-039 

209-5 


Meiccvilar 

Wflsht 

atl]usted. 


2016 

32 

28-08 

70-90 

30-40 

44-00 

34-07 

17-00 

137-35 

34-00 

10-03 

00-03 

200-0 

270-9 


It is to be noted that the densities of several substances recorded 
above arc purely imaginary, that is, some of the substances do 
not exist as gases under the conditions of temperature and 
pressure specified, e.g. acetic acid and mercuric chloride are 
solids at 0° and 760 mm. The actual densities of such substances 
are obtained under such conditions of temperature and pressure 
that they arc gaseous, and by the application of the gas laws the 
density at 0“ and 760 ram. calculated, on the assumption that 
no physical change in the substance occurs. 


Other Methods of Determining Molecular Weight.—The 
above method of obtaining this most important chemical con¬ 
stant is limited to those elements and compounds the vapour 
density of which can be determined under suitable laboratory 
conditions. Many compounds exist wherein this method fails. 
Fortunately there lie at hand methods for determining the 
molecular weight of all dissolved substances. The principle 
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and application of these methods will be discussed at a later 
stage (^ee Chapter xxvii). 


The Atomic Weight and its Deteumination 

In the following table, the second column gives the adjusted 
molecular weight, and in columns 3-8 are recorded the actual 
amounts of the various elements present in the gram-molecular 
weight, these weights being calculated from a knowledge of the 
molecular weight, of the chemical composition of the compounds, 
and of the combining weights of the elements concerned, in 
accordance witli the method already discussed for phosphorus 
pentafluoride. In column 9 is recorded the sum of the amounts 

of the various elements present in the compound, i.e. the mole¬ 
cular weight. 


TABLE 18 


SabstAno^. 

Mol. 

wt. 

Hydro¬ 

gen. 

Chlor¬ 

ine. 

Car¬ 

bon. 

st||. 

phur. 

inins- 

phoruF. 

Oxy- 

Total. 

Hyclrogon chloride . 
J^ll^^phoruji trichloride • 
Phosphoruj poiitachlorido 
rhoipboruA oxychloride. 

Phosphine. 

Carbon tetrachloride. 
Otono . . 

• 

Acetylene. 

Carbon duulphido . , 

Sulphur dioxide , , . 

Sulphur trioxide . , . 

Hydri»gcn sulphide , 
Carbon monoxide . * 

^rbon dioxide . . 

EtbyJono . . . ^ ] 

3<>-128 

137-30 

::08-39 

l.'i3-30 

34-OC-l 

IA3-S 

•IS 

1801C 
2C0IC 
7(M4 
64 07 
80-07 
34-080 
26 

44 

28-032 

1-008 

3- 024 

2-010 

2-016 

2-010 

4- 032 

111111111 

12 

24 

12 

12 

12 

24 

04-14 

32-07 

32-07 

32-07 

31-04 

31-04 

31-04 

31-04 

10 

48 

16 

32 

48 

16 

32 

30-46 

137-39 

208-30 

163-39 

34-004 

163-8 

48 

18-016 

26-010 

76-14 

64-07 

80-07 

34-080 

28 

44 

28-032 


A cursory glance at this table reveals the fact that all the 
compounds containing carbon contain 12n parts of this element 
m the gram-molecular weight, n being an integer. The smallest 
value of n is unity. If the number of volatile compounds of 
carbon were indefinitely extended, it would still be found that 
in no case does less than 12 parts by weight of this element 
occur m the gram-molecular quantity. Similarly, 35 45 repre¬ 
sents the smallest quantity of chlorine occurring in the gram- 
molecular weight of any of the volatile compounds of chlorine, 

K 
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31 04 for phosphorus, 32 07 for sulphur, and 16 for oxygen. 
These numbei^, obtained in this way. are chosen as the funda* 
mental chemical units, i.e. atomic weights, of these elements. 


The least amount of an element, present in the mole¬ 
cular weight of all its known volatile compounds, is chosen 
as the atomic weight of that element. The atomic weight 
is always a muIUple of the combining weight. 

Summarising. Atomic Weight = n X combining weight 

Molecular weight = m X atomic weight 


where the integers n and m may have any value from 1 onwar^. 

Molecular weights and atomic weights are obtained by calcula¬ 
tion from actual experimental data. These quantities are quite 
independent of the present day theory of matter, these con¬ 
ceptions “ atomic weight,” “molecular weight, stand upon 
experimental facts, and are not concerned with the existence, 
real or otherwise, of molecules and atoms. 


Atomic Weights of the Eiements.—Table 19 (page 131) 
contains the accepted values of the atomic weights of the 
Clemente, as approved by the International Atomic Weights 

Committee. 


Atomic Weights versus Combining Weights.—In the 
section dealing with combining weights (page 34), attention 
was drawn to the behaviour of certain elements which form 
more than one oxide. The combining weight of th^e elements 
is therefore not a fixed quantity, as each oxide will give nse 
to a separate combining weight. Thus the two oxides of copper, 
CujO and CuO, lead to the values 63*57 and 31*79 respectively 
for the combining weight of copper. This variability tn the 
combining or equivahni weight of an element has prevented these 
weights being chosen as the unit of weight for the particular eUmerU. 
No such variation occurs in the atomic weight. For each elemen 
this is a definite constant. An alteration in an accepted atoimo 
weight can only be brought about either by the discovery of a 
new volatile compound in which a smaller amount of the elem^t 
occurs in the molecular weight than has hitherto been accepted, 
or by the discovery of a slight error in the chemical analysis 
upon which the percentage composition is based; the 
discovery would lead to the choice of an atomic weight which 
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TABLE 19 


Eleo^Dt, 

S)*7nbol. 

AUimic 

wclsht. 

O«l0 

EJcment 

Sym(x>l. 

Atomic 

wvljzht, 

0-ld 

Aluminium. , 
Antimony . . 

Argon . . 

Arsenic . 

Barium . , 

Biamuth 

Boron . 
Bromine . 
Cadmium , 
Caesium. 

Calcium 

Carbon . 

Cerium . 
Chlorine. . 
Cliromiurn , , 

Cobalt . . , 

Columbium , 
Copper . 
Dysprosium , 
Erbium . . , 

Europium 
Eluorino . , 

Oadolinium. 
Gallium 
Germanium. 
Olucinum (beryl¬ 
lium) . 

Gold. 

Helium . 
Holmium , , 

Hydrogen , , 

Indium , 

Iodine , , 
Iridium . . . 

Iron . . , , 

Krypton . , 

I'^nthonunri. , 
Load. , . , 

Lithium . , 
Lutecium . , 
Magnesium. 
Manganese . . 
Mercury. , , 

A1 

Sb 

A 

As 

Ba 

Bi 

B 

Br 

Cd 

Cs 

Ca 

C 

Co 

Cl 

Cr 

Co 

Cb 

Cu 

Dy 

Er 

Eu 

K 

Gd 

Ga 

Go 

G1 

Au 

He 

Ho 

H 

In 

1 

Ir 

Fo 

Kr 

La 

Pb 

Li 

Lu 

Mg 

&ln 

Hg 

27-1 
120 2 

39 9 
74-98 

137-37 
208-0 
10-9 
79-92 
112 40 
132-81 

40 07 
12-00 

140-25 

35-40 

52-0 

58 97 
93-1 
03-57 
102-5 
107-7 
152-0 
19-0 
157-3 
70-1 
72-5 

0-1 
197-2 
4-00 
163-6 
1-008 
114-8 ; 

126-92 
193-1 
56-84 
82-02 
130-0 
207-2 
004 
1760 
24-32 
64-93 
200-0 

^ Molybdenum , 
Neodymium 
Neon 

Nickel . 

Niton (radium 
emanation) . 
Nitrogen 
Osmium. . 

10.xygen . . . 

1 Palladium . 
Phosphorus. 
Platinum 
Potassium . 
Praseodymium. 

, Bndium 
^ Rhodium . , 

' Rubidium . . 

.Ruthenium. . 

1 Samarium . 

, Scandium . 
j Selenium . . 

' Silicon . 

, Silver . , . 

Sodium . . , 

Strontiiun . . 

i Sulphur . . 

, Tantalum . . 

Tellurium . 

1 Terbium . 

' Thallium 

Thorium 

Thulium . . 

Tin .... 
Titanium . 
Tungsten . , 

Uranium . 
Vanadium . 
Xenon . 
Ytterbium (neo* 
ytterbium) , 
Yttrium. . , 

Zinc .... 
Zirconium . . 

Mo 

Nd 

Ne 

Ni 

Nt 

N 

Os 

0 

Pd 

P 

Pt 

K 

Pr 

Ra 

Hh 

Rb 

Hu 

Sa 

Sc 

50 

51 

Ag 

Na 

Sr 

S 

Ta 

To 

Tb 

T1 

Th 

Tm 

Sn 

Ti 

W 

u 

V 

Xe 

Yb 

Yt 

Zn 

Zr 

96-0 

144*3 

20-2 

68-08 

224-4 

14-01 

190-9 

10-00 

100- 7 

31- 04 
195-2 

39-10 
140 9 

220 0 
102-9 
85-45 

101- 7 
150-4 

45 1 

79-2 

28-3 

107- 88 

23 00 
87-63 

32- 00 
181-5 
127-5 
150-2 
204-0 
232-15 

108- 5 
118-7 

48-1 

184-0 

238-2 

51-0 

130-2 

173-6 

89- 33 
66-37 

90- 6 
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is a submultiple of the previous one, the latter to a slight 
correction in the accepted value. Moreover, the great generaUsa- 
tion known as MendeleefE’s Periodic Law, which has done more 
tlian all else to systematise the study of chemistry, is based 
upon our knowledge of atomic weights, not eqmvalent weights. 


Note.—See Ompter xli. with reference to recent JP 

radio-activity which lead to a modification of current ideas on the invari- 

ability of atomic weights. 


Choice of Oxygen as the Standard.—The necessity for 
the choice of an element as standard has already been stressed. 
We cannot weigh an atom or even a molecule, so that atomic 
and molecular weights are relative, not absolute. The weight 
of a certain arbitrary volume of a gas containing an unknown 
but constant number of molecules has been chosen as the 
molecular weight. Long ago, Stas (1860-1865) pointed out that, 
in all atomic weight determinations, the element whose at^mm 
weight was required should be combined with the standard 
element. Hydrogen combines with few elements, oxygen with 
nearly all. This property of oxygen in itself far outweighs the 
advantage of choosing as the standard the element of low^t 
atomic weight, and yet until very recent times hydrogen was the 
accepted standard. But as the atomic weights of nearly aB 
elements were obtained by the analysis of oxy-compounds, it 
follows that, if the ratio of hydrogen to oxygen, as determmed 
by Dumas (1842) and accepted by the chemists of the day, were 
incorrect, an alteration in nearly all the atomic weights would 
be necessary for every fresh determination of the hydrogen- 
oxygen ratio. Such a position actually arose when Morley 
(1895) showed that the Dumas ratio of hydrogen to oxygen 
was incorrect. In order to prevent such a disturbance in the 
accepted atomic weights, the majority of chemists thought it 
advisable to choose oxygen as the standard element (Molecular 
weight=32, Atomic weight=16). Any alteration in the accepted 
value for the ratio of hydrogen to oxygen, obtained from the 
analysis or synthesis of water, automatically brings about an 
alteration in the atomio weight of one element alone—hydrogen. 
The arbitrary nature of the present standard is revealed by the 
perusal of the following facts : T. Thomson (1825) used oxygen=l 
as standard; W. H. WoUaston (1814) oxygen=10; J. J- 
Berzelius (1830) oxygen=100. 


molecular 
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IsJs* Obtaining the Atomic Weight —In 

studv^f th® “ fdiscovery in thek 

study of the specific heats of solid elements. They found that 
the product of the specific heat and the atomic iveight of an ele!Lnt 

—“iCt" “■ •/ 

table 20 


Element* 

Atomic weight. 

Specific heat. 

Product. 

Lithium .... 

604 

AO 

I 


Sodium 

0 941 

0-5 

Gold 

23 

0-29 

C-7 

Copper •..!!!* 

197-2 

0 0304 

C-3 

Bismuth ... 

u3*57 

0 0923 

6-9 

Calcium ..... 

208 
iJ A 

00305 

' 6-3 

Bromine (solid). . . . ' 

Iron ... 

40 

80 

0-170 

0-084 

6-8 

C-7 

• • # ^ ^ ^ 

Mercury. 

Uranium 

56-8 

200 

0-11 

0-0335 

6-1 

6-7 


238*5 

0-0270 

6-6 


Although the atomic weight ranges from that of the lightest 
Atomic Heat maintains a nearly constant value. A few con 

spicuous exceptions stand ouL-notably earhon, girinum' 

boron and silicon—all elements of low atomic weight. 

TABLE 21 


Element. 

Atomic 

Atomic iKAt 

Glucinum . 

Boron . 

9 

A A 

3-7 

Carl>on 

11 

2-8 

Silicon ... 

12 

1-7 


28-4 

4-5 


terdstor^ ^th '• ‘•'o heat 

itl^nTtre n ®-8. the specific heat 

tn element is the amount of heat required 

to ra se one gram of the element one degree in terntx^mr^ 

L ato2 T-ir’ ^ LLe 

atomic weight m grams of an element one degree. In other 
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words, the .atomic weights of all elements have equal capacities 
for heat. 

Dulong and Petit’s Law has occasionally been used to bring 
about an adjustment of the atomic w’eight of an element when 
other methods have failed. Such a case was presented by the 
element, indium. The equivalent of this clement, as determined 
by the analysis of the chloride was 37-8, i.e. 37*8 parts of the 
metal combined with 35*5 of chlorine. If the chloride had the 
formula InClj, the atomic weight would bo 75’6 ; but certain 
analogies \vith aluminium suggested that the formula might bo 
InClj, in which case the atomic weight would be 3 x37-8=113*4. 
The specific heat of the metal proved to bo 0 057. Assuming 
75-G to be the atomic weight, the atomic heat would be 4-5, 
whilst if the atomic weight were 113*4, the atomic heat would 
be 6*4—a result in agreement with the demands of Dulong and 
Petit’s Law. The atomic weight 113*4 was therefore adopted 
as the atomic weight of the element. 

Occasionally Mitscherlich’s Law of Isomorphism (v. p. 118) 
has been appealed to, in order to settle the atomic weight of 
an clement. If two or more isomorphous compounds are taken, 
provided that the atomic weight of one member of the isomor¬ 
phous series is known, the others may be determined. The 
following table represents the composition of the isomorphous 
sulphate and selcnate of potassium :— 


rotossliin) nulphato. 

PoUsslum aoicnatc. 

100 partfl contain 

100 parts contain or 127*01 parts 

contain 

Potassium . . 44-83 

Potassium. 

. 35-29 

Potassium. 

. 44-83 

Oxygen , • , 30-78 

Oxygen . 

. 28-00 

Oxygen 

. 30 78 

Sulphur . • . lS-30 

Selenium . 

. 35-75 

Selenium . 

. 46-40 

10000 


100*00 


127*01 


Assuming that sulphur has an atomic weight of 32, that a 
molecule of the sulphate contains one atom of sulphur, and that 
the selcnate is similarly constituted, then 

A.W. of sulphur : A.W. of selenium=18*39 : 45*40 


hence atomic weight of selenium= 


45*40x32 


18*39 


=79*00 


Molecular Weights and Chemical Formulse.—Although 
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the empincal formula of a compound may be readily computed 

from data obtained by accuiate analysis and from the atomic 

weights of the elements concerned, it is impossible to state 

definitely what the exact formula is, until the molecular weight 
IS known. ® 

Example—A certain compound contains 84-24 per cent of sul- 
phur and 15-76 per cent, of carbon. Its molecular weight as deter¬ 
mined by the Victor Meyer method is 74-9. What is the formula 
of the compound (atomic weight of carbon = 12, sulphur=32-07) ? 

The compound must contain sulphur atoms and 

oJ-07 12 

rarbon atoms, that is, 2-6 sulphur atoms 1-3 carbon atoms 
hence there must be two sulphur atoms to every one carbon atom! 
Ihe simplest formula the compound can have, would be CS 
but the formulm CS,. C,S„ . . . (CS,). are stiU possible! 
Ihe molecular weight, however, is found by the density method 

^ “ molecular weight of 
12+64d4=7614, consequently n = l and the compound must 
have the formula CS,. 

Should the substance be non-volatile, and should its molecular 
weight not be determinable by any of the methods described in 
Chapter xxvu., one cannot determine the value of n. In such 

cases the simplest possible formula which is generally referred 
to os empirical is chosen. 


The Atomic Theory.—The foundation upon which the 
four laws of chemical combination stand, is of a purely experi- 
mental nature, and in no way hypothetical. But when the 
imagination of the chemist is called into play in order to picture 
how It comes about that chemical compounds are formed by 
the union of carefully adjusted quantities of the reacting 
substances, irrespective of the particular temperature of the 
experiment when the attempt is made to visualise the mechanism 
of chemical reaction, and to explain what predetermines the 
particular unit weight of each element which shaU react in all 

Ilf ^*^**^*0^* the field of pure speculation is entered, and 
the Atomic Hypothesis is the result of that speculation. 

^ar baek in the time of the ancient philosophers the discrete 
nature of matter was postulated, and this idea has persisted 
ever since. But it was left to John Palton (1801) to give tfie 
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Atomic Hj^iothesis life. In a very striking paper concerning 
atomic structure, he was led to the following postulates: 

1. Atoms are real, discrete particles of matter which cannot 
be subdivided by any known chemical process. 

2. Atoms of the elements are indestructible. 

3. Atoms of the same element are similar to each other and 
of equal weight. 

4. Atoms of different elements have different properties— 
weight, etc. 

5. Compounds are formed by the union of atoms of different 
elements in simple numerical proportions, 1 :1, 1 :2, 2 : 1, etc. 

6. The combining weights of the elements represent the 
combining weights of the atoms. 

The confusion existing in the mind of Dalton concerning 
atomic weight and combining weight, shown in the last postulate, 
prevented him from arriving at a system of atomic weights such 
as at present in vogue, and his assumption concerning the 
non-divisibility of the atom has required modification in view 
of the discoveries of atomic disintegration in radio-active 
phenomena, otherwise the Atomic Theory of Dalton remains 
as potent a factor in explaining chemical phenomena as in the 
days of its birth. A chemical reaction, such as the union of 
hydrogen and oxygen, in the light of this hypothesis is considered 
to be a reaction between the atoms of the reacting gases. What 
we actually observe is the result of many millions of such atomic 
reactions. The ready-made packets ** of the various elements 
enter into combination or replace each other in such a way that 
there is no residue, e.g. the hydrogen “ packet contained in 
such a compound as hydrogen chloride will fit without any 
alteration into a new hydrogen compound. Dalton’s assumption 
that atoms are permanent, coherent wholes, fits in exactly 
with the facts concerning chemical reaction which experiment 
has taught us. 

The Law of Simple Proportions, etc., is the experimental 
statement of what one would expect to occur if matter has an 
atomic structure. These ready-made atoms of the different 
elemente combine with each other in the ratio of 1:1, 1: 2, etc., 
according to the power of the atom to hold other atoms in 
combination with it. Each atom has a fixed weight, so that 
chemical combination must take place in fixed (or multiple) 
proportions by weight. If one atom is replaced by an atom of 
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another element, there mil be a definite.ratio between the 

weights of these atoms, hence the Law of Reciprocal Proportions 

w a logical deduction from the assumptions of the Atomic 
Iheory. 


Atomic Structure.-There seems little doubt at the present 

day that the properties, both of elements and compounds 

are influenced not only by the kind of atoms contained therein 

but also by the actual geometrical arrangement of the atoms 

in space. It is often found that two substances possess the 

aamo chemical composition and the same molecular weight 

and yet the properties differ fundamentally, c.g. urea and 
ammonium cyanato. 

The different structure of the molecules in such cases is 
pictonally represented by graphic formula;. This is a help in 
enabling one to explain the various reactions of the different 
compounds, but must not be looked upon as conveying any 
real picture as to the structure of the molecule. ^ ^ 

NH, 

0 = N = C—NH* 

NH| Ammoniuin cynnoto. 

Urea, 


theammonium cyanate, po.ssessing 
the ^me chemical composition and the same molecular weight 
are known as Isomers. ^ ’ 

oomposition of the substances is 
and PH 11 differs, viz., CJI, (acetylene) 

acetyCn”* ^ polymer of 


The SignWcance of a Chemical Equation—An equation 

SLn'Td “ ^ VO expression of a definite chemical 

laws and hy^Thr.^ In’ chemktry 

N,+3H.^2NH. calls attention to the 

nature molecular 

ta suThan; 1 « liypotheses are implied 

m such an equation. Paasmgon to the quantitative aspect one 

^8 that, since each atom possesses a definite weight, the 
equation is an expression of the Law of Fixed Proportions 
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Again, the Law of Conservation of Mass is involved, inasmuch 
as there is no loss of atoms in the reaction. 

The use of the above molecular equation, instead of the atomic 
equation N+3H—>NH 3 , enables us to reeord not only the 
weight relationship, but also the volume ehanges. The formula 
Nj is always understood to refer to the nitrogen contained in 
the gram-molecular volume, so that the equation implies Gay 
Lussac’s Law of Volumes—one volume of nitrogen combining 
with three volumes of hydrogen to form two volumes of ammonia. 
Nor must one overlook the fact that the combination takes 
place between molecules, i.e. Avogadro’s Hypothesis is therein 
implied. 


Chemical Calculations.—Nothing brings out more clearly 
the rigidity of the laws of chemistry than the study of 
problems bearing upon chemical phenomena. 

Problem 1.—What w'cight and what volume of oxygen, 
measured at 10° C. and 750 mm. pressure, may be obtained 
from the decomposition of 20 gm. of potassium chlorate ? 

The first stage is to set down the chemical equation which is 
a quantitative representation of this reaction: 

2KC103^2KC1 + 30,. 


This states that from two gram molecules of potassium chlorate 
three gram molecules of oxygen are produced. Two gram 
molecules of potassium chlorate w’cigh 2(39-f36‘5+3xl6)— 
2x122*5—245 gm., three gram molecules of oxygen weigh 
3x2x16=96 gm. Hence the weight of oxygen produced from 


20 gm. of potassium chlorate is 


96x20 

245 


=7*8 gm. 


From our 


definition of gram-molecular W'eight, we know that 32 gm. of 
oxygen at 0° and 760 mm. will occupy 22*4 litres. Therefore 
the volume occupied by 7*8 gm. of oxygon at N.T.P.=22*4X 



litres. 


Hence, the volume occupied at 10° and 760 


283 760 
mm.=5.46x^3X^g 


litres. 


Problem 2.—^The density of a compound of carbon and sulphur 
relative to hydrogen is 38. The combining ratio of carbon to 
sulphur is 3 :16. What is the molecular weight of the compound, 
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and what is its formula ? Give reasons for the adoption of this 
method of determining molecular weights. 

The density relative to hydrogen being 38, it follows that 
the molecular weight must be 38x2=76. Hence tlie weight 

of carbon contained in the molecular weight is— x76 = 12, whilst 

10 
1 c* 

the weight of sulphur is j|x76=64. The number of carbon 

atoms : the number of sulphur atoms = J-^ : ^=1 ; 2, where 

12 32 

12 and 32 are the atomic weights of carbon and sulphur 
respectively. The formula is therefore CSj. 

Problem 3.—A metallic oxide contains 48 per cent, of oxygen. 

\yhat is the exact equivalent of the metal ? If the specihe heat 

of the metal is 0-123, find the probable atomic weight of the 
element. 

The ratio of oxygen to metal is 48 ; 52, whence the equivalent 
of the metal (the weight combining with 8 parts of o.xygen) 

must bo —=8-66. By the law of Dulong and Petit the 

Sp, Ht. X At. Wt. =6-4, whence the approximate atomic weight is 

6-4 


"123 


=52-03. 


Tlie exact atomic weight is nx combining weight, so that 
wx 8*06=52-03 approximately. The value of n is obviously 0, 
80 that the true or adjusted atomic weight is 6x8-66=52. 

Problem 4 .—One gram of phosphorus combines with 3-4355 gm. 
of chlorine to form a volatile chloride. One-tenth of a gram of 
this chloride occupies 22-6 c.o. at 100° and 750 mm. pressure. 
Assuming that the combining weight of chlorine is 35-45, find 
the adjusted molecular weight of the compound. 

From the above analysis, find the combining weight of 
phosphorus, then from the density results calculate the approxi¬ 
mate molecular weight. The next step in the problem is to 
distribute this molecular weight between the elements chlorine 
ftnd phosphorus in the ratio given by the above analysis. This 
enables us to fix the number of combining weights of each 
clement contained in the molecular quantity, i.e. to fix n and 
m in the equation. True mol. wt. =n x combining wt, of 
Cl-j-mXcombining wt. of phosphorus. 
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Qtostions 

1. Why has oxygen= 16 been chosen as the standard atomic weight f 

2. Given a large number of volatile compounds of an element, e.g, 
chlorine, the percentage composition of each compound being known, 
how is the atomic weight ascertained ? 

3. Give an account of Dalton’s Atomic Hypothesis. 

4. Show how the Law of Isomorphism has been used to determine the 
atomic weight of an element. 

6. Discuss fully the significance of the equation >— 

2H, + 0,-*.2H,0. 

6. Show the connection between combining weight, atomio weight and 
molecular weight. 

7. What advantages do atomic weights possess over combining weights ? 

8. Why are atomic weights relative, not absolute ? 

9. What volume of oxygen, measured at 15^ C. and 750 mm. pressure, 
is obtained by the decomposition of 40 gm. of sodium peroxide ? 

10. The molecular weight of ammonia is 17*03. What is its density 
referred to air. Analysis shows that it contains 82*27 per cent, of nitrogen 
and 17*73 per cent, of hydrogen. What is the formula of ammonia ? 

11. What is the relative weight of hydrogen chloride, compared (a) 
with hydrogen, (6) with air as ihe imit ? 

12. Show how the laws of chemical combination and the Atomio 
Hypothesis are inter-related ? 

13. What weight of zinc will evolve sufficient hydrogen to fill exactly 
a tank holding 3000 galls. T [1 litre = 1*8 pints; 1 litre of hydrogen 
weighs 0*0899 gm. at N.T.P. Zn=66« 


CHAPTER X 

CHLORINE AND HYDROGEN CHLORIDE 

Chlorine was discovered by Scheele in 1774, though it was 
many years before its elementary nature was recognised, 
^voisicr (1789) named the gas oxy-muriatic acid, in the belief 
at it was related to muriatic acid (hydrochloric acid) in the 
Mme way as sulphurous acid is to sulphuric acid. In 
, ^ Davy showed that hydrochloric acid is a compound of 

ydrogen and chlorine, and contains no oxygen. By this 
iscovery he established the elementary nature of this gas which 
0 named chlorine (chloros, green) and incidentally WTecked 

® theory of acids propounded by Lavoisier—the theory 

that all acids contained oxygen. 

Occurrence.—Chlorine occurs only in the combined state, 
ft most entirely as chlorides of such metals as sodium, potassium, 
magnesium, which constitute the main part of the dissolved 
matter in sea-w’ater. In many parts of the earth, the evaporation 
0 inland seas has led to the formation of thick beds of the salts 
generally found in sea water. This is especially so at Stossfurt, 

combined thickness of the strata amounts to over 
, 0 w feet. The chief salts in this bed are rock salt (halite) 
M S; camalJite KCl,MgCl„ 6 H, 0 , kieserite 

V schonite K^04,MgS04,6H,0, kainito MgSO^, 

^i^>04,MgCl„6H,0, polyhalite MgS04,K,S04,2CaS04,2H,0, 
gypsum CaS04,2H,0, anhydrite CaSOi. 

Preparation.—The methods of preparation of chlorine fall 
into three main classes i 

L The chlorides of a few metals, such as gold and platinum 
e<^i^o 8 o on heating with the evolution of chlorine. This 
me hod is, however, rarely used owing to the cost of the materials 

mvolvod. 
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2 . The soluble chlorides of the metals and of hydrogen are readily 
decomposed by the passage of an electric current through their 
aqueous solution. In all cases the chlorine is liberated at the 
positive pole, the hydrogen or metal at the negative polo. The 
apparatus in Fig. 58 is often used to illustrate the process on a 
laboratory scale. 

0 \ving to the ease with which nascent chlorine attacks platinum, 
the anode or positive pole must be made of carbon. As soon as 
the current is switched on, an effervescence is noticed round the 
cathode (negative pole) and to a less extent round the anode 
(positive pole). The reason of the smaller evolution round 



this pole is that chlorine is appreciably soluble in the liquid. 
In order to decrease this solubility loss, it is usual to employ a 
solution of hydrochloric acid saturated with sodium chloride— 
a solution in which chlorine is little soluble. 

The reaction in the case of a metallic chloride is represented 
in the equations: 

2 Ka-> 2 K + Cl, 

the potassium immediately reacting with the water 

2 K + 2 H, 0 -> 2 K 0 H + H, 

with the evolution of hydrogen and the formation of potassium 
hydroxide. Since the hydroxide reacts with the chlorine, it is 
essential to keep separate the products formed at the two poles. 
This is the basis of the most important methods for the pre¬ 
paration of chlorine—the electrolysis of solutions of potassium 
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and sodium chlorides in apparatus so designed that tlic Iiydroxido 

formed at one pole cannot react v.ith the chlorine generated at 

the other. This result is often achieved by the use of a diaphragm, 

but discussion of these cells will be postponed till the preparation 

of sodium hydroxide is dealt with (p. 470). The chlorine of 

commerce is ^entially a by-product in the manufacture of the 

alkali hydroxide. The chlorine evolved from these cells is either 

hquefi^ by compression into iron cylinders or converted into 
bleaching powder (g.v.). 

3, Hydrogen chloride may be oxidised by the o.xygcn of the 
air or by a suitable oxidising agent, forming water and chlorine. 

4Ha + 0,-).2H,0+2CI,. 

In the case of oxidation by molecular oxygen (i.e. uncombined 
oxygen) the reaction will only proceed at all freely at very high 
temperatures. The reaction between hydrogen cliloride and 
oxygen is, however, attended by the evolution of heat, so that, in 
accordance with Le Chatelier’s Law, the higher the temperature 
the smaller the yield of chlorine. We have again to deal with an 
equilibrium reaction, and the position of that equilibrium, a.s 
predicted by the application of Le Chatelier’s Law, is dependent 
upon the temperature. The conditions that favour an increased 
velwity of reaction, i.e. high temperature, must ineviUbly 
lead to a decreased yield of chlorine. The problem received a 
totiafactory solution at the hands of Deacon in his so-called 
Deacon ProcesR. By the use of a suitable catalyst he was able 
to wcure a sufficient velocity of reaction at 400®, a temperature 
which gave him a good yield of chlorine. The catalyst consists 
of pumice impregnated with copper chloride. It is supposed 
that the following cycle of operations occurs 

4Cua + 0,-).2Cu,0Cl, 

2Cu,OCl, + 4HC1 4CuCl, + 2H,0 

4Cua, 4Cua + 2CI, 

Bumming, 4HCI+ 0,->2Hj0-f-2Cl, 

The chlorine is mixed with nitrogen, oxygen, steam and excess 
01 hydrogen chloride. The most injurious of these impurities 
w hydrogen chloride, and this b easily removed by scrubbing ” 
or WMhing the gas. The chlorine is then sufficiently pure for 
Dishing or for the manufacture of bleaching powder. 

In general, however, the hydrogen of the hydrogen chloride 
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is oxidised away by the oxygen contained in some compound 
rich in oxygen, e.g. manganese dioxide, potassium permanganate, 
potassium dichromate, lead dioxide. The essential point about 
all these compounds is that they should contain an element 
which is capable of passing from a higher to a lower valence, 

e.g.: 

+4HCl-^Mn''a4 +2H,0 
Mn‘'Cl4^Mn"Cl, + Cl,. 


This reaction is generally carried out in an apparatus such 

as in Fig. 69. 

Concentrated 
hydrochloric acid 
is run upon the 
manganese dioxide 
60 as to form a 
thin paste. The 
mixture is cau¬ 
tiously heated and 
the evolved gas led 
through a wash 
bottle containing 
water. This re¬ 
moves most of the 
hydrogen chloride 
carried over with 
the chlorine. 
Owing to its great 
solubility in water, 

the gas is collected by upward displacement of the air. There 
is still a little doubt as to whether the above equation exactly 
represents the mechanism of tho reaction, but considerable sup¬ 
port of the above view is derived from the fact that, if the 
reaction vessel is cooled by ice and, after saturation with chlorine, 
the contents are poured into water, hydrated manganese dioxide 
is thrown down: 



MnCl 4 -|-xH,0—>Mn0|,(x-2)H,0 

Others, however, are of the opinion that the trichloride, and not 
the tetrachloride, is the intermediate compound formed durmg 
the reaction. 
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Mn"CI, + H ,0 

SaJt. WaU)r. 


Z Z" ‘I*® hy<>^ochloric acid in the 

riZfi ^ >nt>niate mixture of salt and maneanese 

of the* “f with sulphuric acid and heated. The action 

of the acd upon the salt (sodium chloride) is to liherate hvTo 
chloric acid, which then reacts with manganese dioxide ^ 

NaCI +H 1 SO 4 —^NaHSO* + HC 1 
Mn'^O, + 4HC1—>.jrn‘'CI, + C1, 2 H 2 O 

folLs the T “'® monoxide, the reaction 

folloHs the usual course between an acid and a base. 

Mn"0+2HCI 

Ii«se. Acid- _ 

Both in tho form of the oxide and the chlorideThe maneanose is 

in * 1 ’ clilorine is evolved. Otlier reactions 

m^w^hich chlorine is evolved from hydrochloric acid a^g^ve^ 

IxJdbxidt + 2H.O^ Pba. + Cl. + 2H.O. 

chiZ. “‘x'ixm dichromate and hydrogen 

So TeZ"'’ “idic oxiiS: 

the basic oxide reacting in the normal way to form water 

gous to manganese dioxide, i.e. showing a change of valence. 

Na,0 + 2HCl-^2NaCl+ H.O 
2Cr^*03 + 12H C1 2Cr‘»Cl3 + CH,0 +3a, 

Na,CrA + l4HCl- 

Sodium dichromate. 

exJ,^n!?“ the sodium salt is often replaced by the more 

deZrZo°n^'““ of chlorine 

the cwZV ‘‘ “ ‘>'“t 

Power^Z^ m possesses exactly the same oxidising 

dTchromZ. “ ‘’“f the more expensive potassium 

correspondmg potassium salts, weight for weight, but it 


2Naa+2CrCl, + 7H,0 + 3CI. 
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must be remembered that the gram-molecular weight of the 
sodium salt is considerably less than that of the potassium 
salt (Atomic weight of sodium =23, potassium 39). 

Another valuable oxidising agent is potassium or sodium 
permanganate. The reaction is represented thus : 

2KMnO, -f 16HC1^2KC1 + 2MnCl, + 5C1, + 8H.0 

The equation may be witten in a more suggestive way, 

2KMn04=K20,MnA 

KjO + 2HC1 ^ 2KC1 + H,0 

Un^\0, -f 14HC1^2iMn‘'Clj + 7H,0 +5CI, 

K A + 16HC1^2KCI + 2Mn»CI, + 8H,0+6a, 

The reactions in which the three oxides of manganese function, 

viz. MnO, MnOj, Mn^Oj, may be suggestively written in the 
following way : 

Mn = 0 + 2HC1 ^ MnCl, + H ,0 
^0-f-2HCl MnCl,-f H,0 
+2Ha H ,0+Cl,.. 

the upper half being the normal reaction between acid and base, 
the lower one an oxidation of the hydrogen of the acid to form 
water and chlorine. 

^0 + 2HCl MnCI* + HA 

Mn <^0 + 2HCl.H.d +Cir 

I 0+2HCI H,0 + CU 

0 4-2Ha H.O + Cl, 

I 0 + 2HCI H,0+C1, 

Mn ^0 +2Ha H,0-bCI, 

0 + 2HC1.‘MnCi;+HA- 

This method of representation emphasises the strong oxidising 
properties of this substance, i.e. every atom of manganese 
present is capable of liberating five atoms of chlorine. In 
practice, this is an excellent method of obtaining chlorine. A 
solution formed by dissolving hydrochloric acid in water in 
the ratio of 1; 1 is allowed to drip from a tap f unn el upon the 
permanganate. Ihis produces an immediate evolution of gas. 

Physical Properties,—Chlorine is a yellowish green gas 
with a marked irritating action upon the membranes of the 
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of water at 20“ so that it must ” d^olvong m 100 volumes 
'vater orover a strnn! . , over warm 

Its density compared witTairis’’^'.™ “ that'V^ is little soluble, 
in the laboratory by the unwar,! “r^’ f ‘ '“Hioted 

Critical temperat e~i+i40“ Sn^ ^ litro=3.1067 gm. 

Melting point of solid = ^02“. ® liquid = _33-6“. 

to be liquefied. <^t gases 

tube, the other end of the ^ in a scaled 

apparatus being cooled 

l>y a freezing mixture 
(Fig. COj. 

I he density of chlorine 
has been shown to remain 
constant up to 1,450®, 
amounting t o 2-4404 
(air = I). Above this 
temperature the density 
falls, owing to the disso¬ 
ciation into atomic 
chlorine; Cl,;=±2a 

Cl. + HOH-^Ha + Hao. 

'“I s aid tin ti:rhypooh.orous. 
easily seen for « Ldrl^r " <>' «“« « 



Fio. CO. 
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i.c. we have to do \\ith an equilibrium reaction, in which the 
equilibrium lies right over on the side of the chlorine and water. 
It is clear that, if by any means either acid could be removed 
from the system, the chlorine would continue to react with the 
water (see p. 175). Under the action of sunlight hypochlorous 
acid decomposes with the liberation of oxygen, 

2HC10->2HC1 + Oa 

so that, if chlorine is passed through water exposed to the sun¬ 
light, there is a steady evolution of oxygen with the formation 
of hydrochloric acid : 

2HjO + 2Clj—4HC1 -f O, 

Dry chlorine reacts very feebly, but in the moist state it is a 
very reactive element. Copper, pliosphorus, antimony, boron 
and silicon ignite spontaneously, while many other elements, 
such as sodium and iron, burn vigorously if heated sufficiently 
to start the reaction. The product of the reaction is a chloride : 

2PH-3C1,->2PCI, 

Si +2CU~>SiCl4 

Hydrogen and chlorine combine with explosion, provided the 
mixture is exposed to a bright light. In the absence of such 
light there appears to be no measurable reaction ; in diffused 
light the combination proceeds slowly, while the flash of a 
magnesium light causes a loud explosion. It appears that a 
certain measure of light energy is necessary to induce the reaction 
to begin, but when once under way the wave strikes through 
the mixture with explosive violence. The explosion wave is 
strongest when the ratio of the volume of the gases is 1 : 1, i.e. 
the ratio necessary for complete reaction. 

A jet of hydrogen will continue to bum in an atmosphere of 
chlorine with the production of copious fumes of hydrogen 
chloride. Similarly, if a jar of hydrogen is inverted and ignited 
below, and a jet of chlorine passed through the zone of burning 
hydrogen, the chlorine will ignite and continue to burn in the 
hydrogen atmosphere. It is an interesting example of reciprocal 
combustion. 

Chlorine is also an active agent in replacing other elements 
already present in compounds. A very good example of this 
is the usual test for chlorine—the liberation of iodine from 
potassium iodide. A small quantity of chlorine water, added to 
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a solution of a soluble iodide, produces a brownish coloration 
Ihis test can be made more delicate by shaking the contents of 
the test-tube with carbon disulphide. The liberated iodine 
distributes Itself between the aqueous and the carbon disulphide 
layers (see section on Partition, p. 112). and the lower layer of 
disulphide takes on a pronounced violet colour. ^In even more 
delicate variation of the test suitable when traces of chlorine 
are being sought for is the alarch iodide test. Filter paper is 
dipped into starch emulsion containing a small amount of 
potassium iodide. If a strip of this paper is brought into contact 
niUi a mere trace of chlorine, a deep blue colour develops. 

Bromides, too, are decomposed by chlorine: 


2KBr + Cl,-^ 2KC1 + Br, 

2KI + CU->2KCI+I, 

A picTO of filter paper, moistened with turpentine, wUl ienite 
when dropped into a jar of chlorine with the production of denae 
tumes of free carbon and' of hydrogen chloride : 


CioH,, + 8Cla-^ IOC + 16HCI. 

Very often the chlorine adds itself on to a compound. Thus 

whem carbon monoxide (q.v.) is mixed with clilorine and exposed 

to the 8“"^^ <lrops of a highly poisonous substance, kno!vn as 
phosgene (COCl,) separate out {see p. 361). 


Commercial Applications.—The more imporUnt uses to 
which chlonno is put in the commercial world are based upon the 
reaction described above. Tlie colouring matter present in 
many fibres is frequently oxidisable by moist chlorine with the 
production of colourless oxidation compounds—hence its great 
mo for bleaching purposes. Many bacteria are easUy acted upon 
by chJo^e and killed, so that its use as a disinfectant is very 
wde. The production of bromine, the extraction of gold are 
other examples of the commercial application of clUorine. 
rossibly its use as a poison gas may be classed under this head. 


Hydrogen Chloride 

Preparation.—Three main methods of preparation of this 
substance are to bo noted: 

1. The synthesis from hydrogen and chlorine. 

2. The action of water upon the chlorides of the non-motels 
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3. The action of a non-volatile acid upon the chlorides of the 
metals. 

The first method has already been mentioned and is only of 
tlieorctical importance ; the two latter form the commercial 
and laboratory methods of preparation. 

The chlorides of the non-metals in nearly all cases react vigor* 
ously with water, forming two acids—one of these always being 
hydrochloric acid (the acid formed by the solution of hydrogen 
chloride in water) : 

PCI 3 + 3HOH ^ P(0H)3 + 3Ha 

Phosphorous acid. 

SiCl. + 4HOH-> Si(OH). -f 4Ha 

Silicic acid. 

This type of double decomposition in which one of the reacting 
substances is water, is called Hydrolysis. Hydrolytic reactions 
are very common, but in most cases an equilibrium is soon 
reached,* as in the reaction ; 

Na^COj + HaO^NaOH + NaHCO, 

Sodium carbonate. Sodium hydroxide. Sodium bicarbonate. 

The best example of the formation of hydrogen chloride from 
a chloride is by the action of sulphuric acid upon sodium chloride. 
Under the conditions attainable in the laboratory the reaction 
proceeds thus : 

NaCl + H 3 SO 4 ^ NaHSO* + HO. 

On account of the extreme solubility of hydrogen cldoride 
in water, the gas is collected over mercury or by the upward 
displacement of the air. If a high temperature is attainable, the 
reaction can bo pushed a stage farther : 

2NaCl + H,S 04 *-> N&SOa + 2HC1. 

Sodium sulphate. 

This is generally the case in technical work, where the objective 
is to secure sodium sulphate (q.v.) rather than the by-produot, 
hydrogen chloride. The hydrogen chloride, prepared on the 
commercial scale from the above reaction, is absorbed in a tower 
filled with lumps of coke, over which water trickles. This 
solution of commercial hydrochloric acid, often known as muriatic 
acid, is put on the market for use in the dye industry, chlorine 
bleaching industry, etc. 

• Fpr full treatment of the subject of hydrolysis, see p. 447. 
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It is important to note that all the chlorides react with sulphuric 
acid in this way, but the rapidity of the reaction varies con¬ 
siderably. The rate at which the hydrogen chloride is liberated 
is largely dependent upon the soIubUity of the chloride. Otiicr 
non-volatile acids, such as phosphoric acid, may be used in place 
of sulphuric acid. The reason of this is seen in the next section. 

The Reaction NaCI+HiSO.^NaHSO.+HCl, Rever¬ 
sible Reactions.—The action of sulphuric acid upon sodium 
chloride has already been discussed. It leads to the formation 
of sodium hydrogen sulphate and hydrogen chloride, which 
escapes as a gas. If, into a saturated aqueous solution of sodium 
hydrogen sulphate, a stream of hydrogen chloride is passed, a 
copious crop of email, cubical crystals soon separates out. These 
arc crystals of sodium chloride, i.e. the reaction NaHS 04 +HCl 
—>NaCl i -I-H 1 SO 4 has set in, and will not cease till practically 
the whole of the acid sulphate has been converted into the 
chloride. Hero, then, are two opposing reactions, and by a mere 
alteration of the conditions of the experiment the reaction may 
bo driven at will in cither direction (cf. the action of steam upon 
heated iron filings, p. 85). If, however, the experiment is so 
arranged that none of the participating substances can escape 
from the system, it will be found that at constant temperature 
a definite equilibrium will be set up, and at this point the hydrogen 
chloride will exert a definite but constant pressure. All investiga¬ 
tions of such phenomena lead to the conclusion that at this 
point the rates of the two opposing reactions are equal, so that 
there is no apparent change, i.e. just as many hydrogen chloride 
molecules are liberated per second by the action of the sulphuric 
wid on the sodium chloride as are removed by the interaction 
between the acid sulphate and hydrogen chloride. But if the 
system is not a closed one, the hydrogen chloride, which is but 
slightly soluble in sulphuric acid, will escape so soon as the 
liquid has become saturated with the gas. After this, hydrogen 
c loridc will CBcape as fast as it is formed. So far as the reverse 
action is concerned, the high concentration of hydrogen chloride 
molecules present when the gas is led through the solution of 
B(^ium hydrogen sulphate, brings about just those conditions 
which, from a kinetic point of view, favour the reaction with the 
wid sulphate. Sodium chloride is formed, and as this substance 
is almost insoluble in a solvent so rich in hydrogen chloride (for 
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discussion of this, sec p. 433), the time soon comes when suflficient 
of the sodium cliloride is produced to saturate the solution with 
this substance. The constant renewal of the supply of hydrogen 
chloride consequently leads to the steady precipitation of sodium 
chloride crystals. 

The essential features in this complicated reaction are : 

1. The volatility of the hydrogen chloride. 

2. The insolubility of sodium chloride in solutions saturated 
with hydrogen chloride. 

In the past, chemists sought to explain reactions in terms of 
chemical affinity. The reaction between sodium chloride and 
sulphuric acid, with the liberation of hydrogen chloride, took 
place, it was presumed, because the chemical affinity between 
sodium liydroxide and sulphuric acid exceeded the affinity 
between sodium hydroxide and hydrogen chloride (hydrochloric 
acid). The latter was therefore expelled from chlorides by 
the action of sulphuric acid. But the inadequacy of the explan¬ 
ation is at once apparent when one considers that, by a slight 
alteration of the conditions, hydrochloric acid may be made 
to expel sulphuric acid from a 8uIi)hato. The reaction 
NaCl-|-H 2 S 04 ;^=±NaHS 04 -l-HCl forms an excellent example 
of what is known as a reversible reaction. 

Provided that water is kept from the reaction vessel—for 
hydrogen chloride is exceedingly soluble in this solvent—other 
acids, such as phosphoric acid, may be used to set free hydrogen 
chloride from a chloride. The essential feature to note is that 
the acid must bo less volatile than the hydrogen chloride, in which 
case the hydrogen chloride will tend to escape from the system. 

The addition of a volatile acid like nitric acid to a solution of 
sodium chloride causes a partial liberation of the hydrochloric 
acid: 

Naa + HNO, ^ NaNO, + HCl, 

until the necessary equilibrium in the solution has been reached. 
In general, it may bo stated that, when an acid is added to a 
salt, or when two salts formed from different acids are mixed, a 
mutual interchange of the radicles will occur. Whether pre¬ 
cipitation or evolution of gas will take place, depends upon the 
relative solubility and volatility of the products formed. 

Physical Properties.—Hydrogen chloride is a colourless gas 
which attacks the mucous membrane of the throat. It is 
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slightly heavier than air and is exceedingly soluble in water 1 
c.c. of water at 0° dissolving 520 c.c. of the gas 

“f 1 litre=l-6394 gm. at 
savo BoiUng point of liquid = 

H a dilute solution of hydrochloric acid is heated, the gas 
wbeh escapes consisU mainly of water. The residue, therefore, 
increases m strength and the boiling point of the solution rises: 
hw continues until the concentration of the acid has risen to 

if a other hand, 

IX andXr i'“°™‘^ = t»-eforrber.nt 

no- is 1204"® ^ 

20 4 ™rTnt nf h ^ containing 
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with the pressure ; at 2 atmospheres it contained only 19*1 
per cent, of the gas. Compounds do not change their composition 
in this way, so that the existence of this hypothetical compound 
is no longer postulated. It is noteworthy that nitric, hydro- 
bromic and hydriodic acids form similar constant boiling mixtures. 

Chemical Properties.—Hj'drogen chloride is not distin¬ 
guished by any marked reactivity. The gas has no action upon 
the non-metals (phosphorus, etc.), and reacts only with the more 
vigorous elements such ns potassium: HCl+K—>-KCl+H. 
With ammonia it unites directly to produce solid ammonium 

clilorido : 

NHj + HCl-^NH.a. 

The gas is very stable and shows no sign of dissociation below 
1500®. Neither the dry gas nor the dry liquid has any action 
ujxin litmus or upon zinc, i.e. in the absence of w'ater hydrogen 
chloride lacks the fundamental properties of an acid. On the 
other hand, hydrogen chloride, if dissolved in water, possesses 
all the fundamental properties of a strong acid ; metals, such as 
iron and zinc, arc speedily attacked w'ith the liberation of hydrogen. 
The hydrochloric acid of commerce {muriatic acid) is an aqueous 
solution saturated with hydrogen chloride and contaminated by 
small quantities of impurities, e.g. arsonious chloride, ferric 
chloride and free chlorine. 

Chlorides.—The chlorides of the metals are usually obtained 
by the action of hydrochloric acid upon the oxide, hydroxide or 
carbonate of the metal: 

Ca(OH), + 2Ha—CaCU + SH^O 
CaCO, + 2HC1 CaCl, -f H ,0 + CO, 

Evaporation of the resultant solution generally gives a crop of 
crystals of the chloride of sufficient purity for most purposes. 
The student should note that this is the general method for the 
preparation of a salt—the action of the requisite acid upon the 
oxide, hydroxide or carbonate of the metal, e.g.: 

ZnO + 2 HN 03 -)^Zn(N 0 ,), + H*0. 

The chlorides of the non-metals are obtained by the direct 
action of chlorine upon the non-metal in the absence of water. 

2A3 + 3a,->2A8a, 

2P -f3Cl3-^2Pas 

The chlorides of the non-metals are strongly hydrolysed, i.e. 
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broken do^, in the presence of water, while the majority of 
the metallic chlorides dissolve readily in water without appreci¬ 
able decomposition {see p, 457). The notably insoluble chlorides 
are sUver chloride AgCl, cuprous chloride CuCl. aurous chloride 
Aua mercurous chloride HgjCIj, lead chloride PbCl„ the last 
of which dissolves fairly readily in hot water. 
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Composition. Various experiments have been devised to 
determine the composition of hydrogen chloride. 

Method 1. One of the simplest is the electrolysis of hydro- 
c oric acid. A special form of apparatus, designed by Lotbar 
Neyer, gives satisfactoiy results (Fig. 62). 

In order to secure 
reliable results, the 
acid should be con¬ 
centrated, and since 
chlorine is appre¬ 
ciably soluble in 
hydrochloric acid, 
the current must bo 
passed for some 
time before the 
gases are collected, 
in order to saturate 
the liquid round 
the anode with 
chlorine. During 
the experiment the 
gases are allowed to collect in the receivers A and B, The gases 
are found to separate at equal rates, i.e. during the decomposition 
of hydrochloric acid by the electric current, equal volumes of 
hydrogen and chlorine are evolved at the electrodes. H it bo 
Msumed that all the hydrogen and all the chlorine comes from 
the electrolysis of the dissolved hydrogen chloride, it follows that 
this gas must contain equal volumes of hydrogen and chlorine— 
a r^ult in conformity with the law of Gay Lussac. 

Method 2.—^A stoppered glass tube is filled with dry hydrogen 
chloride. A little sodium amalgam is introduced, the stopper 
replaced and the contents shaken. The tube is then opened 
under mercury, and after the mercury levels are adjusted, it 
IB found that the residual volume of gas, which proves to bo 
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hydrogen, is half of t)ie original volume. Therefore hydrogen 
chloride contains half its own volume of hydrogen, or half a 
volume of hydrogen from one volume of hydrogen chloride. 
The application of Avogadro’s Hypothesis leads to the conclusion 
that half a molecule or one atom of hydrogen must be present 
in each molecule of hydrogen chloride. The formula must 
consequently be HCl,. From the vapour density meas¬ 
urement it is known 




Fia. 64. 


that the molecular 
weight is 36*5, and as 
the weight of hydrogen 
contained in the mole¬ 
cule is known by the 
above reasoning to bo 
1 , the weight of chlor¬ 
ine in the molecule 
must bo 35-5—the 
atomic weight of 
chlorine ; x must 
therefore bo 1 and the 
formula HCl. 

Method 3. — Equal 
volumes of hydrogen 
and chlorine are in¬ 
troduced into a stout 
walled gl a 8 s tube, 
closed at each end with 
a stop-cock, and their 
union brought about 
by exposure to a mag¬ 
nesium light, or by the 
passage of an electric 
spark (Fig. 63). The 
final volume is found 


to be the sum of the volumes of the hydrogen and chlorine—an 
experiment which leads to the conclusion that one molecule of 
hydrogen combined with one molecule of chlorine forms two mole¬ 
cules of hydrogen chloride. On the assumption that the molecule 
of hydrogen and that of chlorine each consist of two atoms, 
the molecule of hydrogen chloride is composed of one atom of 
hydrogen and of chlorine. The formula is consequently HGl. 
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Meihod 4.—A rather pretty method for demonstrating the 
composition by volume is to fill a tube A (Fig. 64) with the 
mixed gases obtained by the prolonged electrolysis of hydro¬ 
chloric acid. 

After the apparatus has been filled, the taps are turned, and 
the tube held in brine contained in the vessel B. The lower 
tap is then opened, the pressure adjusted and the volume read. 
A small amount of potassium iodide solution is cautiously 
introduced into the tube through the tap funnel. The reaction 

2 KI+CU->2KC1+I« 

at once sets in, and the evolved iodine dissolves in the excess of 
iodide. The pressure is again adjusted and the volume read. 
It is found that half the original volume is left, and this gas is 
hydrogen, i.e. hydrogen and chlorine are formed in equal 
volumes by the electrolysis of hydrochloric acid. 

From these experiments we may conclude :— 

1. That two volumes of hydrogen chloride are formed from 
one volume of hydrogen and one of clilorine. 

2. On the assumption that the hydrogen and chlorine molecules 
are diatomic, one molecule of hydrogen chloride must contain 
one atom of hydrogen and one atom of chlorine. 

3. The formula is HCl. 

This formula is confirmed by a determination of the molecular 
weight, which is 30*47 (H = 1 008, C1=35-4G). 

Questions 

1. Show how tho evolution of chlorine from hydrogen chloride is facili* 
tatod by the preeenco of a compound which contains an olomont capable 
of pasBmg to a lower stago of valence. Give oxamplos. 

2. Discuss tho reaction 

NaCl-f H ^ O 4 ^ NaHS O 4 -f HCl. 

3. Describe fully two methods which serve to prove tho composition 
of hydrogen chloride. 

4. Show how tho action of water upon sodium chloride and phosphorus 
trichloride differs. What general class of elements form hafides which 
behave like phosphorus in this roepect ? 

5. Illustrate what is meant by “catalysis" by reference to the Deacon 
process. 

6. Compare the action of chlorine and of hydrogen chloride upon water. 
What happens when aqueous solutions of these substances are boiled T 

7. How would you convert chlorine into sodium chloride f 
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THE HALOGEN FAMILY— 

FLUORINE. CHLORINE. BROMINE. IODINE AND 

THEIR HYDRACIDS 

General.—The study of the elements, hydrogen, oxygen, and 
chlorine has revealed that each of these elements has its own 
individual properties, and these properties show little similarity. 
There appears no common ground of relationship between them. 
On tlie other hand, the elements fluorine, chlorine, bromine 
and iodine, show a great similarity of behaviour not only in 
the elementary state, but equally so in the combined state. 
The sodium salts of these elements (sodium fluoride, NaF, 
chloride NaCl, bromide NaBr, iodide Nal) all crystallise in the 
regular system, and have also many chemical properties in 
common. From this tendency to form salt-like substances is 
derived their name —halogen (Gk. a\v, salt; yerv'tici), to produce), 
and their compounds are knoNNTi as halides. 

Of these elements, chlorine has already been studied in detail, 
not only because it is the most important from the chemical 
j)oint of view, but because it is the most frequently met with. 
Bromine and iodine exhibit almost every property that chlorine 
does, though in general to a somewhat less degree. They 
will therefore bo studied first, while fluorine, which shows more 
individuality in its reactions than do the other elements, will 
be dealt with subsequently. 

Bromine and Iodine 

Discovery.—The element bromine was discovered in 1826 
by Balard, who was investigating the mother liquor left after 
the crystallisation of salt from the waters of certain salt springs. 
Balard not only succeeded in isolating bromine by a method 
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similar to that used to-day, but established its elementary 
nature and it« relation to chlorine and iodine. 

The existence of iodine was first suf^gested by the experiments 
of CourtoLs on the aqueous extract of kelp. The mother liquor 
left from the kelp after the crystallisation of the less soluble 
salts was heated with sulphuric acid and gave off beautiful 
violet vapours, but it was left to Gay Lus.sac (1813) and 
Davy to establish that the new substance was an element. 

Occurrence.—Bromine occurs in sea-water and in certain 

salt springs in combination with sodium, potassium, magnesium 

and calcium. The salt deposits of Stassfurt in Germany were, 

until recently, the chief source of the world’s supply of bromine’ 

though the bromide deposits at Ohio. U.S.A., now bid fair t<i 
rival them. 

Iodine occurs in small quantities in kelp, in the thjToid 
glands of animals, in many sea plants and mineral springs, 
and occa-sionally as silver iodide. At the present day the 
commercial source of iodine is Chili salti)etre, in which small 
quantities of sodium iodate and iodide occur. 

Preparation.—There are two commercial methods of making 
bromine: ® 

(o) The action of chlorine upon solutions containing bromides. 

(b) The action of manganese dioxide and sulphuric acid upon 
bromides (cf. the preparation of chlorine). 

The first method is used at Stassfurt where the hot mother 
liquor containing magnesium bromide is made to percolate 
down a tower filled with round stones in order to break up the 
flow. Chlorine is introduced from below, the liberated bromine 
escapes at the top, and is condensed by passage through a worm 
condenser. 

In America the second method is sometimes used. The 
mother liquor, freed as far as possible from common salt by 
crystallisation, is treated with the calculated quantity of 
sulphuric acid and manganese dioxide. 

MgBr, + MnO, -f 2 H,S 04 MgSO, + MnSO, + Br, + 2H,0. 

The action is essentially the same os in the preparation of 
chlorine from sodium chloride, manganese dioxide and sulphuric 
acid ; the latter acid liberates the haloid acid, which is then 
oxidised by the manganese dioxide. 
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Another inetliod, suitable where electrical power is cheap, 
is to electrolyse a solution of a soluble bromide (cf. preparation 
of chlorine). 

Iodine is prepared commercially either from kelp or from 
sodium iodate present in Chili .saltpetre. 

The kelp is burned in carefully con.striictcd ovens in order 
to prevent loss through volatilisation. The ash is extracted, 
and a.s much as possil)lc of the alkaline carbonates, sulphates 
and chlorides removed by crystallisation. The liquor is then 
treated either with chlorine, or with manganese dioxide and 
sulphuric acid, as in the case of cldorine and bromine. The 
quantity of chlorine requires careful regulation, as does the 
amount of manganese dioxide, so that no excess of this re¬ 
agent is left over to react with traces of chlorides thereby causing 
the liberation of chlorine. The evolved iodine is purified by 
sublimation in iron retorts. 

The main part of the world s iodine is, however, obtained from 
the mother liijuor of Chili saltpetre left after the sodium nitrate 
has been cry.stallised out. Tliis liquor contains considerable 
quantities of iodine in a highly oxidised form, viz. sodium 
iodate, NalOj. In order to obtain the iodine in the elementary 
form, a reducing agent is necessary, the most satisfactory 
reducer for this purpose being sulphur dioxide. The chemistry 
of the i)rocess is given in the equation : 

IA + 5S02->5S03 + l3. 

Actually, the sulphur dioxide is introduced in the form of 
sodium bisulphite. The equation then becomes : 

2 NaI 03 -l-SNaHSOj-^aNaHSO, + 2 Na 2 S 04 + H^O +1*. 

Physical Properties.—Bromine is a dark red, heavy liquid 
which boils at 50° with the production of dense, reddish brown 
fumes. The specific gravity of the liquid is 3T88. The vapour 
has a most powerful and disagreeable smell, and even when in a 
diluted state, it attacks the eyes and the mucous lining of the 
nose and throat, whilst the liquid exerts a powerful corrosive 
action on the skin. Bromine is appreciably soluble in water; 
a few drops of the liquid in water readily impart a reddish 
brown colour to the solution, forming bromine water. The 
solubility at room temperature is about 3 gm. per 100 c.c. of 
water. 
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At ordinary temperatures iodine exists as a bluish-black crys¬ 
talline substance of the rhombic form. These crystals have 
a sp. gr. of 4-933 at 4®. On heating, iodine vaporises readily 
and at 114® melts. The smell of iodine is somewhat similar to 
lliat of chlorine, but less offensive. The colour of tl.o vapour 
18 at first reddish violet, but as the temperature rises, the colour 
takes on a deep indigo blue. Iodine is but faintly soluble in 
water. 1 gm. dissolving in about litres to form a'faint brown 
solution. Chloroform, carbon disulphide, and benzene dissolve 
It freely with the formation of violet solutions, while alcohol 
and ether give brown solutions. Iodine is also freely soluble in 
aqueous solutions of potassium iodide or of any other soluble 
iodide. Such solutions are browm. The increased solubility is 
Iiere due to the fonnation of a polyiodide. 

ki + i,^ki,. 

The whole of tJie iodine is not held in combination in the form of 
l>olyicx]ide, but a definite equilibrium exists between the three 
reagent.s. Such solutions give all the reactions of free iodine 
and are frequently made usi- of, if it is desired to bring into 
solution a large amount of itKline. As the free iodine is removed 
from the system, the jiolyiodide splits off more iodine in order 
to restore the equilibrium, so that the whole of the dksolvixl 
iodine, whether free or bound in the polyiodide, is ultimately 
available for any chemical reaction. 

Chemical Properties.—The chemical properties of bromine 
strongly resemble those of cliiorine, excejit that the energy of 
reaction is generally less marked, e.g. sunlight is not a sulliciently 
strong catalyst to bring about tlic combination between hydrogen 
and bromine. Even in the presence of finely divided platinum, 
the reaction is slow and by no means of the explosive nature 
shown by hydrogen and chlorine. Arsenic and its related 
elements, phosphorus and antimony, ignite when dropped into 
romine and burn with the formation of the corresponding 
hahde. This can bo safely shown as follows (Fig. 65)A 
few drops of bromine are put in the inner test-tube, the funnel 
^justed to prevent splashing, and a fragment of phosphorus 
dropped into the tube. The reaction is vigorous and must 
c carried out in a draught cupboard. Bromine possesses mild 
bleaching powers and, like chlorine, forms an unstable compound 
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with water, Br 2 , 10 H 20 , when the saturated aqueous solution 
is cooled to 0*^. 

The atomic weight of chlorine is 35'4G, of bromine 79*92, 
and of iodine 12G-92. We have seen that there is a strong 
similarity between the first two of these elements, except that 
the properties are less clearly marked in the case of the heavier 
element. The same general change is to be noted in the case of 
iodine ; the reactions of this element arc similar to, but less 
vigorous than, those of its relatives, chlorine and bromine. As 
an illustration of this, iodine displays the least tendency of all 
the halogens to combine with hydrogen, so that hydrogen 

iodide is generally formed not by direct 
combination, but by indirect means. 
Iodine combines directly with many 
metals, c.g. mercury, and with a few 
non-metals, notably phosphorus. 

Both chlorine and bromine displace 
iodine from iodides, whilst chlorine is 
also capable of displacing bromine from 
bromides. We shall soon see that this 
is equivalent to saying that chlorine is 
a stronger oxidising agent than bromine, 
bromine than iodine. In fact, the chemis¬ 
try of these related elements may almost 
be summe<l up in the statement: The oxi¬ 
dising power of the halogens, fluorine, 
chlorine, bromine and iodine steadily 
diminishes as the atomic weight of 
the element increases. 

The minutest trace of iodine, ev’cn -0000001 gm., may be 
detected by the starch iodide test already described as a test 
for chlorine (p. 149). This blue coloration is supposed to 
be due to the formation either of a solid solution of iodine in the 
starch or of a loose chemical compound between them. The 
blue colour is destroyed by raising the temperature above 80®, 
but returns on cooling. 

Dissociation of Bromine and Iodine.—The effect of 
temperature in decreasing the vapour density of chlorine and 
hence lowering the molecular weight, has already been mentioned. 
A similar effect has been found in the case of the allied elements, 
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bromine and iodine. Table 22 records the experimental results 
bearing upon this point. 


TABLE 22 

Bromine: 

Temperature' , . . 102* 228® 

VapoorDensity (air=l) 5-73 5"52 

lodtno : 

Temperature . . . 4.>0® 842® 

Vapour Dpnaity , . 8-85 6-76 

'Dus steady decrease in the vapour density and molecular 
weight brought about by an increase of temperature is due to 
the breaking do\vn of the diatomic molecule into single atoms ; 

Br,^2Br. 

^ 2 ^ 21 . 

The dissociation is altcntled by heat absorption and will 

therefore bo increased by a temperature rise (Le Chatelier’s 
Law). 


1570® 

3-70 

1027® 1570® 

5-75 5-70 


HvDRoimoMic AND Hydriodic Acids 

Preparation.—The methods of preparation arc essentially 
the same as given for the preparation of hydrogen chloride, 
though minor differences occur. 

1. Direct combination of the elements. 

2. The hydrolysis of the non-metallic bromides and iodides. 

3. The action of a non-volatile acid upon the halide. 

Neither bromine nor iodine unites vigorously with hydrogen, 

except in the presence of a catalyst—platinum. Fig. GG iliustrates 
a suitable method of preparing hydrogen bromide. 



Pure hydrogen is bubbled through a wash-bottle containing 
liquid bromine, which is maintained at a temperature of about 
60 , and the mixed gases then pas.s through a tube containing 
a spu-al of platinum wire, heated electrically to a dull red heat. 
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Hydrogen bromide may be obtained from the effluent gases 
by absorption in water. For effleient working there sliould be 
an excess of hydrogen, as shown by the eseape of bubbles from 
the exit. 

A somewliat similar method may be used for the preparation 
of hydrogen iodide, but in this case the iodine must be kept 
sufficiently hot to vaporise and the reaction is by no means 
complete, i.e. the equilibrium 

H ,+ 1,^2111 

is set up and at 448® only 79 per cent, of the constituents unite. 

Phosphorus tri-bromide or -iodide reacts energetically with 
water in accordance with the equation : 

PBr 3 -f 3H0H—y P( 0 H )3 + 3HBr. 

PI 3 + 3H0H-^ P(0H)3 + 3HI. 

In practice, the tri-halides are prepared in the course of the 
experiment, and the requisite amount of water allowed to drip 

upon the tri-halide to bring 
about the necessary hydrol 3 ’sis. 
The apparatus in Fig. 07 is 
suitable for this j)urpose. 

In the case of the bromide, 
red plio.sphorus is mixed with 
a little sand and a small quan¬ 
tity of water added. Owing 
to the extreme solubility of 
hj'drogen bromide in water, 
excess of this reagent is to 
be avoided. Bromine is then 
allowed to run in from tlie 
dropping funnel, drop by droj). 
The gas, consisting of hydrogen 
bromide and bromine, escapes 
through a U-tube packed with 
glass beads and red phosphorus. 
This acts as a washer which 
effectually removes any bromine present in the gas. In the 
case of hydrogen iodide, red phosphorus and iodine are mixed 
in a dry flask and water allowed to drop upon the tri-iodide 
so formed. The method of purifleation is the same as for 
hydrogen bromide. 



Fia. 67. 
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Die third method of preparation is little used. As a suitable 

non-volatile acid, phosphoric acid is perhaps the most satisfactory 

to use in evolving hydrogen bromide or iodide from the halide 

salt. 

3NaBr + H 3 P 0 *^Na 3 P 04 -h3HBr. 

3NaI + H 3 P 04 ->Na 3 P 04 +3HI. 

Sulphuric acid, which is so commonly used in the preparation 
of hydrogen chloride, is not a satisfactory reagent in the above 
reactions, for the hydrogen bromide (or iodide) reacts vigorously 
mth this acid, reducing it to sulphur dioxide, while it is itself 
oxidised to the free halogen 

HzS 04 -h 2HBr2H,0 + SO* + Br, 

(HASO3) 

so that one obtains a mixture of hydrogen bromide, bromine 
and sulphur dioxide. This side reaction is even more noticeable 
m the corresponding preparation of hydrogen iodide. Phosphoric 
acid, on the other hand, is very difficult to reduce, hence its 
use in preference to sulphuric acid. 

If an aqueous solution of the halogen acid is required, advantage 
IS taken of the reaction 

H,S + I*->2HI-f S 

which procoods readily in aqueous solution. Although the actual 
amount of iodine in solution is very slight, in the presence of 
the solid the equilibrium I, (solid) ^=:±T, (dissolved) always 
ten^ to be set up, and any reagent which removes the dissolved 
iodine will automatically lead to the solution of more of the 
solid. By this means one may obtain a solution (of hydriodic 
acid) of the sp. gr. 1‘50, which merely requires filtering before 
use. The reaction proceeds equally well in the case of bromine. 

Physical Properties.—The physical properties of hydrogen 
romide and iodide show a marked resemblance to the properties 
0 hydrogen chloride, except in so far as these pro|x;rties are 
modified by their increased atomic weight. Both are colourless, 
uming gases, readily condensable to liquids (hydrogen bromide 
condenses at —73°; hydrogen iodide at 0®). Both gases are 
very soluble in water, 160 gm. of water dissolving 210 gm. of 
ydrogen bromide at 10® and about 240 gm, of hydrogen iodide. 
Hydrobromic and hydriodic acids behave on evaporation in 
exactly the same way as hydrochloric acid, i.e. they form a 
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mixture of rnaxiiiuim boiling j)()int. With hydrobromic acid 
the inaxinmni boiliiig mixture contains 48 per cent, of hydrogen 
bromide (H P. 120'’), witli hj’driodic acid 57 per cent, of the 
halide (R.P. 127®). 

Chemical Properties.—The chemical properties of these 
aeids also show a strong similarity to those of tlieir relative, 
hydrogen eliloride. Both gases have no aetion in the dry state 
upon litmus, though, A\'h('n dissolved in water, they form strong 
acids. In general, however, the properties arc somewhat less 
clearly markc'd in tlie case of the hytlr-acids of brotnine and 
iodine, but the same grarlation of property is noted here as in 
the element.s them.selves, i.e. hydrogen bromide always occupies 
a position intermediate between hydrogen chloride and hydrogen 
io<Iidc. Ihis is seen in the aetion of heat upon these compounds, 
for \\hilc hydrogen ehloridc is extremely stable towards heat, 
hydrogen bromide undergoes aj)preeiablc decomposition at SOO®, 
and hydrogen iorlidc sufTcrs 21 per cent, decomposition at 448®. 
So, too, the action of oxidising agents upon the halogen hydr- 
a<'ids shows a steady change in this family of elements. To 
obtain chlorine from hydrogen chloride or from hydrochloric 
acid requires a strong oxidising agent such as manganese dioxide, 
but iodine can bo liberated from hydriodic acid by the action 
of atmosj)heric oxygen. It is owing to this oxidising action 
of the air that hydriodic acid and aqueous solutions of the 
iodides hocomo br{>wn on exposure to air, the liberated iodine 
at once dissolving to form the acid HI 3 or the corresponding salt. 

4HI + 02->2H,0 + 2I. 

2Hl4-2Ij->2Hl3 

The strong tendency of hydriodic acid to combine with oxygen, 
i.e. to act as a reducing agent, is strikingly illustrated by the 
vigour of the reaction when a drop of fuming nitric acid is 
dropped into a jar of hydrogen iodide. Copious violet fumes of 
iodine and brown fumes of the oxides of nitrogen are evolved. 

2HI + 2 HNO 3 ^ 2H,0 + N 3 O* +1,. 

(H30,NA) 


Oxidation and Reduction 

Hitherto oxidation has been defined in an elementary way 
as the addition of oxygen to an element (or compound), or the 
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removal of hydrogen from a compound as oft-on occurs in organic 
chemistry. It is now proposed to widen this definition. 

Oxidation is the term applied to all reactions wherein the valence 
.of any element towards oxygen is increased, or the valence of any 
element towards hydrogen decreased ; conversely, reduction 
implies that the valence of any element towards hydrogen is increased 
or the valence towards oxygen decreased.* This definition will 
now be applied to a number of typical reactions. 


(o) 4HC1 + MnOjMnCl^ + 2H,0 -f Cl,. 

Tlic valence of chlorine towards hydrogen in the compound 
hydrogen chloride, is one ; the valence of chlorine towards 
hydrogen in elementary chlorine is nil ; hydrogen chloride has 
therefore been oxidised to chlorine. The valence of manganese 
towards oxygen in manganese dioxide is four, towards oxygen 
m the compound, manganese chloride, two ; manganese has 
therefore undergone reduction duririg the reaction. 

At first siglit the statement that the oxygen valence of 
roanganeso in the compound MnCl 2 is two, may aj)pear un¬ 
warrantable, until one recalls that tliis chloride is derivefl 
from the oxide MnO, wherein the valence of the metal towards 


<^-'^ygen is undoubtedly two. As an aid to this conception 
of oxidation and reduction recourse must frequently bo made 
to the equivalonee of the elements, e.g. hydrogen is capable 
of replacement by metals, oxygen by such elements as sulphur, 
chlorine, etc. In applying the above view of oxidation, the 
student is advised to look upon an oxy-acid as a compound 
of water and an acid anhydride, e.g. HiS 04 ^H 20 ,S 03 , whilst 
the salt of an oxy-acid is looked upon as being compounded of 
a basic and an acidic oxide, e.g. 


CuSO. = CuO,SO„ KN0, = iK, 0 .N 204 . 

(^) 2KBr + Cl,-s.2KCl +Br,. 

In the compound KBr, the valence of bromine towards hydrogen 
IS one, in Brj it is zero ; the bromide has therefore been oxidised 
to bromine. An application of the same principle to chlorine 
shows that its hydrogen valence has been raised from nil in Clj 
to one in KCl ; it has therefore been reduced to form cliloride. 


(c) 14HC1 + K2Cr,0,-^ 2KC1 -f 2CrCl, + 7H,0 + 3C1,. 

(K20,2Cr0,) 

• It is assumed as on axiom that the valence of a'l olcmonts in the 
olcrnoQtary state towards hydrogoa or oxygon is zoro* 
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The oxygon valence of chromium has here boon reduced 
from Six in K.CrA to three in CrCU (C 1 =^ 0 , cf. 
HCl, MjO) ; the potassium diehroraate has consequently been 
reduced in order to oxidise the hydrogen chloride to chlorine. 

{d) 2HBr + +SO, + Br,. 

(ii=o,yo,) 

In this reaction tlie valence of sulphur has fallen from six in 
to four in SO,. The oxidation of hydrogen bromide has 
therefore been brought about by the reduction of sulphuric 
acid to sulphur dioxide. 

(0 H,S + Brj-^2HBr + S. 

The decrease of tlie hydrogen valence of sulphur from two to 
zero, and the increase of the hydrogen valence of bromine from 
zero to one show.s that the hydrogen sulphide has been oxidised 
to sulphur by the action of the bromine. 

(/) 2111 + 2MNO,-> 2H,0 +1. + N,0,. 

(H,0,NA) 

The decrease of the hydrogen valence of iodine in this reaction, 
coupled with the decrease of tlio oxygen valence of nitrogen,’ 
indicates that the hydrogen iodide has been oxidised by the 
nitric acid, which has itself been reduced to nitrogen tetroxide. 

(J7) 2KC103^2KC1 +30,. 

(KACl A) 

In KCIO 3 the chlorine has a valence of five towards oxygen^ 
whilst in KCl its valence towards hydrogen has risen to one; 
the chlorine present in the cliloratc has therefore been reduced 
to the extent of six units. In the o.xide CIA, oxygen, as 
usual, is di-valent, hence chlorine is pcnta-valcnt, so that the 
valence of the oxygen atom towards chlorine (or its equiva¬ 
lent, hydrogen) is two; in O, it is nil, hence the element 
oxygen has undergone oxidation. 

In aU the above reactions the student wiU notice that the 
phenomena of oxidation and reduction are inseparable, they are 
mutually dependent. 

In applying this method of treatment to processes involving 
oxidation and reduction, the postulate is laid down that hydrogen. 
IS always mono-valent and that oxygon is always di-valent. 
Under such an assumption, all such processes as the formation 
and decomposition of the peroxides and ozone are excluded. 
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This theory of oxidation is as much based upon the mono¬ 
valence of hydrogen and the di-valcnce of oxygen as the chemistry 
of the carbon compounds is built upon the assumption of the 
tetra-valence of the carbon atom {see p. 303). 

Auto-oxidation.—In the reaction 

Cl, + H,0 ^ HCl + HOO 

(*H,O.CKO) 

chlorine has a zero valence towards oxygen and hydrogen in the 
molecule Cl^. in the compound HCl its hydrogen valence has 
risen to one, whilst in the compound HCIO its oxygen valence 
has become one. This indicates that one atom of chlorine has 
been reduced to form hydrochloric acid, and the second atom in 
the chlorine molecule has been oxidised to form liypochlorous 
acid. In such cases, where part of a molecule has been oxidised 
at the expense of the rest of the molecule, the terra auto-oxidation 
is applied. Other examples of auto-oxidation occur in the study 
of the oxy-compounds of the halogens, nitrogen, phosphorus, 
etc. 

Fluorine 

Occurrence.—Fluorine does not occur free in nature, but in 
the form of fluorspar, CaF„ cryolite, a double fluoride of sodium 
and aluminium, Na^AlF,, tourmaline, fluor-apatite, etc., it is 
widespread. 

Discovery and Preparation.—As far back as 1670, evidence 
of the existence of a new element in fluorsj)ar was put fonvard, 
but it was not till 1807 that Gay Lussac and Thcnard succeeded 
in isolating hydrogen fluoride. All attempts to make the com¬ 
pound yield up its fluorine by methods analogous to those used 
for the preparation of chlorine, etc., failed, until in 1886 H. 
Molssan achieved the great feat of isolating this extraordinarily 
active gas. The electrolysis of solutions of hydrochloric acid 
leads to the evolution of chlorine at the positive pole, but in the 
case of hydrofluoric acid oxygen is liberated at this pole, while 
the anhydrous hydrogen fluoride docs not conduct the electric 
current. Molssan overcame this difficulty by adding potassium 
fluoride to the anhydrous liquid. This solution of potassium 
hydrogen fluoride was found to conduct the electric current and 
to evolve hydrogen at the cathode or negative pole, fluorine at 
the anode or positive pole. The electrolysis appears to break 
down the double fluoride thus : 
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2KHF2-> 2HF + Fj + 2K, 

the pntnssium immediately reacting with the solvent, hydrogen 
iliioridc. forming potassium fluoride and liberating hydrogen. 
Owing to the great activity of the fluorine, the electrolysis was 
first carried out in a platinum-iridium vessel, later in one of 
copper. The copper vessel rapidly acquired a coating of copper 
fluoride which protected the tube from further action. The 
electrodes were made of platinum-iridium alloy. The whole 
apparatus had to be made thoroughly moisture- and air-proof, 
and in order to re<lucc the tendency to chemical reaction, the 
apparatus was immersed in a bath of metliyl chloride (—23®). 

Properties.—Iluorit^c is a pale yellow gas which condenses 
to a liquid !u>iling at —ISO®. Its density is 37-7 (hydrogen = 2). 

As the atomic weight is 19, it follows that the' molecule is 
diatomic. 

Chemically speaking, fluorine is the mo.st active element 
known. It combines with every element except the inert gases 
and nitrogen. Witli hydrogen it ef)mbines explosively'’, and 
such is the energy of this reaction that these elements react 
even at the temperature of licpiid fluorine (—ISO®). Fluorine 
attacks compounds containing hydrogen with the liberation 
of hydrogen fluoride. Elements, such as iodine, bromine, 
phosjihorus, arsenic, combine with incandescence. All metals 
arc acted upon by fluorine, many of them taking fire spon¬ 
taneously. Chlorine is displaced from chlorides by the action 
of fluorine, i.e. fluorine is a stronger oxidising agent than chlorine, 
and therefore stands at the head of the halogen family so far 
as oxidising power is concerned. 

Hydrogen Fluoride 

Preparation.—Tlie aqueous solution of this substance is 
generally prepared commercially by the action of hot sulphuric 
acid upon powdered fluorspar (CaFj). Leaden retorts are 
generally used, and the evolved gases are collected in water and 
stored in lead, rubber or paraffin wax bottles. 

CaF^ + H 3 SO, CaSO* + f 

Anhydrous hydrogen fluoride is, how'ever, best obtained by 
heating potassium hydrogen fluoride in a platinum retort. 

2KHF,->2KF4-H,F,'^ 
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Physical Properties.—H\*clrogen fluoride is a colourless 
liquid which fumes strongly in air. It boils at 19-o°. Its 
physiological effects are unpleasant, for not only are the vapours 
poisonous, but contact of the liquid with the skin j)ro(Iuccs 
ulcerous sores. It mixes with w'ater in all proportions, forming 
hydrofluoric acid, and like the other hydr-acids of the halogens, 
it forms a maximum boiling point mixture of constant composi¬ 
tion (B.P. 120“, 37 p.c. HF). The vapour density of hydrogen 
fluoride at 30“ indicates that the molecular weight is 40, from 
which it is to be concluded that the formula representing the 
composition at this temperature is HjFj. With rising tem¬ 
perature the density falls, until at 88“ the molecular weight has 
fallen to 20 (formula HF). Evidence has also been adduced that 
the formula of the vapour at the temperature of the boiling 
liquid {10*5“) is HjFj. CJorapounds of this type, which possess 
double and triple molecules, are said to exhibit association. 
When the difference Indween the projxTties of such compounds 
sharjily defined, polymerisation is said to occur, e.g. acety¬ 
lene, and Ixuizene, Cell,. 

Chemical Properties.—Probably owing to the different 
niolccular structure of hydrogen fluoritle as compared with the 
other hydrogen halides, the action upon metals is less vigorous. 
Potassium and sodium dissolve in the anhydrous liquid liberating 
hydrogen, while, among other metals, silver dissolves in the 
aqueous solution of this substance. Another result of tlio 
molecular structure of this compound is that acid salts may bo 
obtained by the replacement of one hydrogen atom with a 
monad clement, e.g. KHF,. 

The reaction between silica or silicates (glass, etc.) and hydro¬ 
gen fluoride (cither in the vapour or dissolved state) is of 
coiLsiderable importance. 

SiO. + 2H,F, SiF, -f 2H,0 
CaSiO, H- 3H,F, ^ SiF, + CaF, -f 3H,0 
If a glass object is exposed to the action of hydrogen fluoride, 
the surface is eaten into or etched, owing to the escape of the 
gaseous silicon fluoride and the crumbling aw'ay of the residual 
calcium and sodium fluorides. Advantage is taken of this in 
the process of elching. The surface of the glass object to bo 
etched is covered with paraffin wax, and the figures or marks 
W'hich it is desired to etch into the glass are made in the wax 
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witli a sharp instrument. On exposing the surface to the action 
either of hydrofluoric acid or of the vapour of hydrogen fluoride, 
the glass is eaten into where the design was traced out. 


Compounds of the Halogens with each other 

Iodine and chlorine form a inonochloride ICI and a trichloride 
IClj—the former is a red crystalline substance readily decom¬ 
posed by water, the latter a yellow compound forminr- long 
needle-shaped crystals. On heating, the trichloride dissociates 
into chlorine and the monochloride. In the presence of re- 
stneted amounts of chlorine, one obtains the monochloride. 
whilst excess of chlorine, acting upon iodine or iodine mono- 
chloride, gives the trichloride. Iodine monobromide. IBr, iodine 
pentalluoride, IFs, and bromine trifluoride, BrF,, are known 


The Halogens as a Family 

The elements fluorine, chlorine, bromine and iodine have been 
found to possess so many properties in common that the attempt 
to study them as a group, a family, has already been justified. 
The following table brings out the gradual change in most of the 
physical and chemical properties of these elements as the ato?nic 
weight increases. 


TABLE 23 


Properties of the Halogens 


Properly. 

Fluorine. 

Chlorine. 

llrominc. i 

lotilno. 

Atomic weight 

Colour. 

State of aggrogalion . , 

Boiling point .... 
Sp.gr . 

Solubility ppp 100 c.o. 
water at 20^ 

Dissociation .... 

19 

Palo yellow : 

Gas 

—180* 

M4 

(liq.) 

Docomposos 

water 

Not tcated 

35-40 

Greenish 

yellow 

Gas 

-33-0* 

1-55 

(liq.) 

0-8 

1 

J 

79-92 

Reddish 

brown 

Liquid 

59* 

3-19 

(liq.) 

3-2 

tneroasos 

120-92 

Violet 

Solid 

183* 

4-9 

(solid) 

0-32 

Oxidising power . 


Decreases 


■ ■ ► 

Affinity for oxygen . 

- — > 

Incroase$i 

Affinity for hydrogen 

• — > 
Decreases 
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For the purpose of comparison, the affinity for oxygen has 
been included in this table, though this property will not be 
discussed until the oxy-coinpounds are dealt with. 

T.ABLE 24 


Properties of the Halooes Hvdr-acids 


Property. 

Hydro^Q 

Hiiurlilc. 

HydrtWD 

dilorldc. 

H>•d^^U0D 

bromide. 

llydrojjoo 

lorllle. 

Mol. weight at 100®. 

20 

30 40 

8003 

12703 

B.P. 

19-4® 

-83-7® 

-08-7® 


Solubility in water . 

35% 

42°' 

,o 

40°;, 


Dissociation measurable at 


1500® 

800® 

180® 

Heat of formation in 
calories. 

38-5 (gas) 

22 0 (gas) 

i 12-3 (gns) 

-G O(aolid) 

Reducing jwwer . 


Increases 

V 






The solubility of the salts of these acids often shows a break in 
regularity. Thus, the silver salts of hydrochloric, hydrobromic 
and hydriodic acids are almost insoluble, but show a steady 
decrease in solubility with increasing atomic weight. Silver 
fluoride is, however, excessively soluble, 182 gm. dissolving in 
IfX) gm. of water at 20®. On the other hand, calcium fluoride 
i.s almost insoluble while the other calcium salts are all freely 
W)luble. Po.Hsibly this is connected with the tendency of 
hydrogen fluoride to associate in solution. 

Questions. 

1. Discuss the phenomena of oxidation and roduction, illustrating 
your answer by reference to the reactions 

CT,+2NaOH -► NaG + NaClO + H,0 

H,s+a,-.-2Ha+s. 

2. Doacribo the commercial preparation of iodine. WTiat impurities 
is commercial iodine likely to contain, and how would you remove those 
impurities 7 

3. Compare and contrast the reactions between sodium chloride and 
sulphuric acid (hot) and sodium iodide and sulphuric acid (hot). 

4 Compare the ludoguns with each other, with 8j>6cial reference to 
their oxidising power. Illustrate by examples. 

6. How would you prepare a concentrated solution of hydrobromic 
acid. Give full details and reasons. 

0. Compare the reactions 

2HI+C1,-^2HC1+I, 

2HI+H,S04-p 2H,0+S0,+I,. 

7. Doacribo a suitable method for preparing liquid hydrogen bromide. 

8. Account for the difficulty of isolating the element fluonne. 
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THE OXIDES AND OXY-ACIDS OF THE HALOGENS 


Nomenclature of Acids.—The majority of non-metals give 
rise to more than one oxy-acid, so that a systematic method of 
naming them is desirable. When two such acids are known, 
that derived from tlic lower oxide is referred to as the -ous acid, 
and from the higher oxide is derived the -ic acid. 

SO 2 , sulj)hur dioxide forms HjSOa, sulphurous acid, 

(sulphurous anhj’dridc) 

SOa, sulphur trioxide forms H 2 SO 4 , sulphuric acid, 

(sulphuric anhydride) 

When more than two aeids are known, the prefixes hyj)o- and 
jKT- arc called into requisition. 

H 2 S 2 O 4 , hypo-sulphurous acid ; (HSOjj, per-sulphuric acid. 

The Oxides and Oxy-Acids of Chlorine 

Chlorine forms three oxides and four well-defined acids. 
Their inter-relation.s arc brought out in tlie following tabic : 

Oxide. Oxy-acid. 

CkO, chlorine monoxide 

(hypochlorous anhydride)—^ HCIO, hypochlorous acid. 

< tt HClOj, chlorous acid. 

^HCiOa, chloric acid. 

ClgO-, chlorine heptoxide —>• HCIO 4 , perchloric acid, 
(perchloric anhydride) 

On solution in water, the monoxide and heptoxide give rise to 
hypochlorous and perchloric acids respectively, wliilst chlorine 
dioxide forms a mixture of chlorous and chloric acids. 

Chlorine Monoxide and Hypochlorous Acid. 

Chlorine monoxide is readily formed by passing dry chlorine 
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over precipitated mercuric oxide, jireviously heated for about 
an hour to 400^ in order to coarsen tlie grain and so lessen the 
speed of the reaction. 

2CIj + 2HgO Hg,OCl, + C1,0 

The reddish yellow gas Is readily condensed to a liquid. Botli 
gas and liquid are unstable, a drop of the liquid exploding on 
contact with paper, dust, phosphorus, sulphur, etc. The gas is 
very soluble in water (1 c.c. of water dissolving 200 c.c. of 
chlorine monoxide at O’), and the solution is found to contain 
hypochlorous acid. 

H,0+C1,0->2HC10. 

Liquid chlorine monoxide, although so unstable, may be safely 
distilled under reduced pressure. 

Owing to the danger involved in the prej)aration of hypo- 
chlorous anhydride, the acid is generally prepared indirectly. 
Chlorine is aIlowt‘d to act U]>on water until the equilibrium 
represented in the equation 

CU + H,0 ^ HCl + HCIO 

has been reached. If cither of the acids is removed, this oquili- 
hrium will be disturbed, and more chlorine will react in order to 
restore the equilibrium (an example of Le Chntelier’s I.*aw). 
The addition of chalk (calcium carbonate) achieves this result, 
for, while the very weak hypochlorous acid has no action upon 
this salt, the hydrochloric acid is neutralised and thus removed 
from the system. 

CaCO, -f 2HC1 ^ CaC4 + H,0 + CO,. 

The equilibrium is disturbed, and in the endeavour to restore 
this, the chlorine reacts with the water and thus steadily increases 
the concentration of the hypochlorous acid. 

Freshly precipitated mercuric oxide may also bo used in place 
of calcium carbonate. The solution containing the hypo¬ 
chlorous acid is then distilled and a pure product obtained. 

Another method that brings about a change in the equili¬ 
brium, 

a, -f H,0 ^ HCl + HCIO, 

w the addition of a base, e.g, sodium hydroxide, to the system. 
In this case both the acids are neutralised and a solution of 
aodium chloride and sodium hypochlorite results. For many 
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])ijrpos('S the prosotice of the eliloritle is in no way objectionable, 

whil(* tlic sojiaration of hypochlorous acid from this mixture 

is easily effec-ted. Tlie additi{)n of an acid such as nitric or 
% 

boric acid to tli (5 solution biings about a clieinical change indi¬ 
cated it» the equations (see p. 431)). 

NaClO ; HNOj->NaN 03 + HCIO 
Na(’l + HN 03 ^ NaNO, + HCl. 

Of the two acid.s HCIO and HCl. the former is exceedingly weak. 
Under those circumstances the relatively strong nitric acid 
displaces the weak hypochlorous acid almost entirely from its 
salt, whilst the amount of the stronger hydrochloric acid set free 
is so small as to be negligible. In onler to attain ideal conditions 
for the separation, nitric acid is added, equivalent in quantity 
to the amount of hypochlorous acid originally present as hypo¬ 
chlorite. Careful distillation will then give a dilute solution 
of hypochlorous acid. 

If the neutralisation is effected by a solution of potassium 
hydroxitle or carbonate, the resulting solution of potassium 
chloride and hypochlorite is often known as Eaxi de Javel. This 
solution is frequently used in households os a bleaching and 
cleansing agent. 

Properties of Hypochlorous Acid.—Hypochlorous acid is 
so unstable that it cannot be obtained except in very dilute 
solution. It shows a great tendency to break down in various 
ways. Thus, under the action of sunlight, oxygen is evolved. 

2HCI0->2HCl-f-0,. 

But there is a more important decomposition which h}^)©- 
clilorous acid undergoes—its auto-oxidation into chloric and 
hydrochloric acids. 

6HC10-^4HCI + 2 HCIO 3 . 

Part of the hypochlorous acid is reduced to hydrochloric acid in 
order that sufficient oxygen may be available for the oxidation 
of the remaining hypochlorous acid to chloric acid. This auto¬ 
oxidation is also greatly accelerated by heat, and as we shall see, 
it has an important commercial bearing. The hydrochloric acid 
formed in the above way, takes part in the reaction 

HCl + HCIO H,0 + CI 3 , 

and as the concentration of hydrochloric acid steadily increases, 
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chlorine will accumulate in the sj’stem. Sooner or later, the 
concentration of the dissolved chlorine reaches the saturation 
point and chlorine ■will escape. 

The looseness with which the atom of oxygen is held in iiypo- 
chlorous acid accounts for the great activity of this compound 
as an oxidising agent. This is especially well illustrated by its 
action upon bromine and iodine : 

2HC10 + 2HIO + Cl,. 

The hypoiodous acid immediately passes into the more 
stable system iodic and hydriodic acids (cf. the auto-oxidation 

of HCIO). 

In this reaction the replacement of chlorine by iodine is an 
apparent contradiction of its behaviour in the reaction 

2HI-fCl,-)^2HCH-I„ 

but the application of the conception of oxidation and reduction 
already developed brings these apparently contradictory reac¬ 
tions into line. We have learnt that the action of chlorine upon 
hydrogen iodide involves the oxidation of the hydrogen iodide 
by the chlorine {cf. 2KI5r + Cl„ p. 107). In the equation : 

2 HCIO + I 3 2HIO + Ci, 

(H,0,C1,0) (H,0,I,0) 

the oxygen valence of tlie iodine has risen from nil to one, whilst 
the oxygen valence of the chlorine has fallen from one to nil. 
In short, the iodine has undergone oxidation and the chlorine 
has been reduced. There is thus complete agreement in the 
behaviour of these halogens in the above apparently contra¬ 
dictory reactions. 

The oxidising power of hypochlorous acid enables this reagent 
to play an important part in bleaching. Linen and cotton 
consist essentially of compounds containing carbon, hydrogen 
and oxygen, coloured by small quantities of coloured compounds. 
These coloured compounds are much more easily oxidised than 
the carbo-liydratcs forming the ground moss of the fabric, and 
pie products of oxidation are colourless. Hypochlorous acid 
w the oxidising agent in general use for bleaching the colour out 
of such fabrics. It is generally generated by the action of very 
dilute sulphuric acid upon bleaching powder, which may tem¬ 
porarily bo considered to bo calcium hypochlorite. The fabric 
w thoroughly washed to remove all traces of oil and grease, 

N 
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itnniorscd in a bath of bloacliing jiowdcr, and finally in very 
dilute sulphuric aciil. Care has to he exercised in keeping the 
strength of the reagiuits so low that no reaction with the fabric 
occurs. 

Bleaching Powder.—The most imporhint salt of hypo- 
chlorous acid is bleaching powder. If chlorine is bubbled through 
a solution of a monovalent base, e g. potassium hydroxide, the 
reaction : 

Ch + H,0 ^ HCl -f HCIO 

+ + 

KOH KOH 

KCl I-KCIO + 2 H 2 O 

occurs, but if a bivalent base like calcium hydroxide is utilised, 
a mixed salt is formed : 

OH HCl Cl 

Ca/ + ^Ca/ + 2 H 3 O 

^OH HCIO ^CIO 

This is the bleaching powder of commerce. It is manufactured 
on a large scale by the action of chlorine upon slaked lime. In 
older plants the lime is spread in layers in a large chamber, and 
exposed to the action of chlorine. The lime must be occasionally 
stirred in order to expose a fresh surface. The unabsorbed 
chlorine left in the chamber is removed by blowing in a spray of 
fine slaked lime. In many of the modem factories meclianical 
apparatus for the absorption of chlorine is in use (Fig. 08). Several 
iron cylinders, each provided with revolving paddles, are set one 
above the other. Slaked lime passes slowly through the upper 
cylinder, then into the second cylinder and so on. Chlorine 
enters the bottom cylinder and the unabsorbed gas escapes from 
the top cylinder. The usual amount of chlorine absorbed is 
about 33 to 38 per cent. Analysis shows that bleaching powder 
prepared in this way alwaj's contains more or less free chlorine. 
For a long time the constitution of this salt was the subject of 
considerable discussion, many considering it to bo a mixture of 
calcium chloride, CaClj, and calcium hypochlorite, Ca(C10)8, in 
molecular proportions. Such a substance should, however, bo 
hygroscopic, owing to the presence of calcium chloride ; then, too, 
calcium chloride is soluble in alcohol, but this solvent has no 
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action upon bleaching powder, so that the evidence favours the 
constitution: 



On treatment with cold water, a strongly alkaUno solution 
IS obtained with the precipitation of insoluble calcium hydroxide 

2CaCl(C10) + 2HOH—> CaCIj + Ca(OH), + 2HCIO. 

Acids in the dilute state liberate hypochlorous acid ; when 
concentrated, clilorinc is evolved. 



-fHCl->CaCl, + HC10. 
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equmbrium'^“°® '>5‘l'-ocl>loric), the 

HCl + HCIO ^ H,0 + Cl. 

will be forced to the right, with the consequence that the solution 
J^pidly approaches saturation point and chiorine is soon evolved 
oo. too, if sulphuric or even carbonic acid is used. 
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Cl 

Ca/ + CaSO* + HCl + HCIO- 

XIO I 

Clj + H,0 

Tlio decomposition of liypoclilorites in the presence of small 
quantities of cobalt nitrate forms a useful example of catalysis, 
especially as the mechanism of the reaction is clearly under¬ 
stood. Cobalt nitrate, in the presence of hypochlorites, liberates 
small quantities of cobaltous oxide. The hypochlorite then 
reacts with the cobaltous oxide, thus : 

NaClO + 2CoO ^ NaCl + CojOj (cobaltic oxide) 

2CoA->4CoO + 0,. 

Tlio cycle of reactions indicated in these equations explains 
sufliciently the acceleration in the decomposition of the hypo¬ 
chlorites brought about by traces of cobalt compounds. 

Chloric Acid. 

This acid is most easily prepared by adding a calculated 
quantity of sulphuric acid to barium chlorate. 

Ba(C 103)2 + HjSO^^BaSO. i + 2 HC 103 . 

After filtration, the clear solution is concentrated by evaporation 
in vacuo up to 40 per cent. At concentrations above this, 
spontaneous decomposition ensues, the products of decomposi¬ 
tion being chlorine, oxygen, perchloric acid and water. The 
aejueous solution is a powerful oxidising agent, acting vigorously 
upon wood, paper, etc. Similarly, iodine is oxidised to iodic acid. 

2 HCIO 3 -h 2 HIO 3 + Cl, 

(H^O.CIA) (H30,IA) 

In this reaction, as in all other reactions in which chlorine and 
iodine are involved, chlorine has undergone reduction whilst 
iodine has been oxidised, that is, chlorine alicays shows itself to 
be a stronger oxidising agent than iodine. Chloric acid is a strong 
bleaching agent, even when dilute. The anhydride of this acid, 
CI 2 O 5 , has not yet been isolated. 

Properties of Chlorates.—Chloric acid, being monobasic, 
forms salts of the type MKCIO 3 ), M^fClOa)^, etc., where M*, 
denote monovalent and divalent radicals respectively. 
These salts are all powerful oxidising reagents and are more 
stable than the acid itself. All chlorates evolve oxygen on 
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heating. Their vigour as oxidising agents is illustrated by the 
following experiments : 

1. If a few drops of a solution of phosphorus in carbon disul¬ 
phide are poured upon potassium chlorate, a loud explosion will 
occur so soon as the carbon disulphide has evaporated. 

2. A piece of phosphorus is placed in contact with crystals of 
potassium chlorate under water. On pouring a few drops of 
sulphuric acid on to the crystals by means of a long funnel, the 
phosphorus bursts into flame. 

All the chlorates arc soluble, one of the least soluble being 
potassium chlorate. 

An important reaction of the chlorates is brought about by 
the action of heat. If potassium chlorate is heated, the sub¬ 
stance melts in the neighbourhood of 350® and bubbles of oxygen 
are evolved, potassium perchlorate being formed (q.v.). 

2KC103-^KC10, 4- KCl + 0, 

Shortly after, the melt solidifles. This is due to the fact that 
the perchorate has a much higher melting point than tho 
chlorate. If tho temperature be still further raised, tho mass 
again melts at a temperature over COO®, and soon afterwards a 
further evolution of oxygen sets in. The perchlorate is now 
decomposing in accordance with tho equation 

KC10*^KC1 + 20, 

Preparation of the Chlorates.—From a commercial stand¬ 
point potassium chlorate is tho most important salt of chloric 
acid. Tho most utilised method of preparation of this salt is 
based upon tho reactions summarised in tho equations: 

SCI, H- 6K0H-J-3KC10 -f 3KC1 + 3H,0 
3KC10 KCIO, -f 2KC1 
(3K,0,CI,0) (iK,0,Cl,0J 

If the solution is at all warm the decomposition of the hypo¬ 
chlorite proceeds rapidly. An analysis of the last equation shows 
that two molecules of hypochlorite are reduced to potassium 
chloride in order that one molecule may bo oxidised to chlorate, 
1 . 0 . auto-oxidaiion has occurred, a common phenomenon in the 
decomposition of the oxy-compounds of tho halogens. On 
cooling tho above solution, the potassium chlorate crystallises 
out, but tho method in this form has one fatal drawback. Of 
the original six molecules of valuable potassium hydroxide five 
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are converted into the less valuable by-product, potassium 
cliloride, and tins is economically unsound. The essential 
feature of the above process is to have present any alkali \vith 
\\liicli to neutralise the hydrocliloric and hypochlorous acids 
formed by the action of chlorine upon water (see p. 178). As a 
step towards cconomj’, J. von Liebig suggested the use of the 
very cheap slaked lime in order to effect the desired neutralisation. 

GCIj -I- eCa(OH)j->5CaCl2 + CatCIOa)^ + OHjO. 

The resultant solution of soluble calcium salts was then con¬ 
centrated and the calculated amount of potassium chloride 
added. By double interchange potassium chlorate was formed,/ 

2KC1 + Ca(C 103 ) 2 -> CaCU + 2 KCIO 3 

and as this salt is far less soluble than the other salts present in 
solution, a very effective separation of potassium chlorate from 
the mother liquor can be effectetl by concentration followed by 
cooling. The crystals obtained in this way arc then purified by 
fractional crystallisation. 

This method of manufacturing pota.ssium chlorate has been 
largely sui)erseded during recent years by the modern electro¬ 
lytic method. During the electrolysis of aqueous solutions 
of potassium chloride, chlorine is liberated at the anode (positive 
pole), potassium at the negative pole or cathode. The inter¬ 
action between the potassium and the water leads to the forma¬ 
tion of potas.siura hydroxide with the liberation of hydrogen. 
If the conditions arc such as to promote the mixing of the 
potassium hydroxide round one pole and chlorine generated 
round the other, all the conditions necessary for the formation 
of hypochlorite are present, whilst, if the solution is kept hot, 
the so-formed hypochlorite will be instantly converted into 
chlorate. Owing to the slight solubility of potassium chlorate, 
many prefer to electrolyse solutions of sodium chloride (99 gm. 
of sodium chlorate dissolve at 20* in 100 c.c. of water, as com¬ 
pared with 7*2 gm. of potassium chlorate). The sodium chlorate 
is afterwards converted into the potassium salt by treatment 
with potassium chloride, wth subsequent fractional crystallisa^ 
tion of the potassium chlorate (^ec p. 480 for further details). 

Chlorine Dioxide ; Chlorous Acid, Chlorites. 

When potassium chlorate is cautiously heated with sulphuric 
acid, a reddish yellow gas of extreme instability is liberated. 
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The first reaction is the formation of eliloric acid, witli sub¬ 
sequent auto-oxidation to form pcrcliloric acid, chlorine dioxide 
and water, 

3HCIO3 HC104 + 2CI0, + H,0 

(3H,0,aA) (iHaO.CI.O.) 

Clilorine dioxide is a Iieavy gas, readily liquefied. It is 
extremely unstable, detonating if a hot wire is brought into it. 
One c.c. of water dissolves 20 c.c. of chlorine dioxide at 4®. The 
reaction is not one of mere physical solution, for the solution is 
found to contain a mixture of chlorous and chloric acids, i.e. 
the usual auto-oxidation has occurred. 

2C[0^ + HjO-> HCIO, + HCIO3 

(iH,0,Cl,0,) (iH.O.CIA) 

Thus, solution of this oxide in potassium hydroxide leads to 
the formation of potassium chlorate and chlorite. 

Chlorous acid is very unstable and has not been prepared in 
the pure state, though several of its salts have been isolated. 
These retain the property of instability associated with the 
parent acid. Owing to the looseness with which the oxygen 
atom is held within the chlorous radicle, chlorites form strong 
oxidising and bleaching agents. 

Perchloric Acid ; Chlorine Heptoxide (Perchloric Anhy¬ 
dride). 

Perchloric acid may be obtained by the auto-oxidation of 
chloric acid [q.v.), more often, however, by the action of sul¬ 
phuric acid upon perchlorates. Potassium perchlorate is first 
prepared by heating the chlorate up to the point of liquefaction 
(sec p. 181), and after cooling, the chloride and i)erchlorate are 
separated by fractional crystallisation. 

KCIO4 + KHSO4 -f- HCIO4. 

^ The perchloric acid liberated in this way is removed by distilla¬ 
tion, and concentrated by evaporation in vacuo. It is a volatile, 
fuming liquid which can be boiled with safety under reduced 
preasurc. The pure acid is distinctly unstable, often exploding 
spontaneously. A drop of perchloric acid falling upon a piece 
of charcoal causes a violent explosion. Seventy per cent, 
solutions are, however, perfectly stable. The perchlorates are 
not decomposed by hydrochloric acid, nor are they reduced by 
sulphur dioxide. On heating very strongly, they evolve oxygen 
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and pass into cliloridea. Potassium perchlorate is used in 
quantitative analysis as a means of estimating potassium, as 
tliis salt is almost insoluble in the presence of alcohol. 

Chlorine lieptoxido (perchloric anhydride). CKO;, is prepared 
by the cautious addition of pliosphoric anhydride (PjOj) to 
perchloric acid, the reaction being carried out in a vessel immersed 
in a freezing mixture. After distillation, a liquid boiling at 
. 82° is obtained—chlorine heptoxide. The relationship of this 
explosive liquid to perchloric acid is shown by its behaviour on 
solution in water. 

CKO. +n/)->2HC10^. 

Thermochemistry of the Oxy-Acids of Chlorine. 

The decomposition of hypochlorous acid and of chlorine 
monoxide results in the liberation of a large store of heat. When 
these exothermal substances are used as oxidising agents, the 
energy liberated at the moment of decomposition must be added 
to the energy available when free oxygen is utilised to effect the 
same o.xidation, hence these substances form much more 
vigorous oxidising agents than docs free oxygen. Thus, it often 
happens that the chemical energy available when oxygen is the 
oxidising agent is not sufficiently large to bring about a desired 
oxidation jirocess, viz. the bleaching of fabrics, whereas the 
greater available energy of tlic hypochlorous acid molecule is 
frequently sufficient to bring about the reaction. 

The following thermochemical equations represent the heat 
evolved per atom of oxygen available when the molecule of the 
oxy-acitl of chlorine breaks down into hydrochloric acid and 
oxygen. 

HCIO aq.—vHGlnq.4- O-f 0-3 Cals, or 9-3 Cals, per atom of 0. 

HCIO 3 aq.-»-HCl aq. -f-30 +15-3 Cals, or 5-1 Cals, per atom of O. 

HCIO 4 aq. —►HCl aq.+40-|- 0-7 Cals, or 0*17 Cals, per atom of 0. 

The greater amount of available energy in hypochlorous acid 
is in itself sufficient to explain the activity of this compound as 
an oxidising agent. The old assumption that atomic or nascent 
oxygen, liberated by the decomposition of hypochlorous acid 

HCIO ^ HCl d-O 

is the active oxidising agent, leads nowhere—what one must 
consider is the amount of energy associated with the oxygen 
atom at the moment of liberation. 
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OXY-COMPOUNDS OF BrOMINE. 

Up to the present, no oxides of bromine liave been isolated, 
but the aeids, hypobromous and bromic, are known. 

Hypobromous Acid has been prepart‘d by the action of 
bromine water upon precipitated mercuric oxide (cf. hypo- 
chlorous acid). 

2Bt, + HjO + HgO-> HgBr, + 2HBrO. 

The acid is unstable, but can be concentrated by distillation in 
vacuo. It is a strong oxidising and bleaching agent. Salt.s of 
hypobromous acid are prepared by the method utilised for the 
related acid, hypochlorous acid. 

Br, + 2KOH->KBr + KBrO + H,0. 

Bromic Acid is made either by the action of sulphuric acid 
upon barium bromatc (cf. chloric acid), or by tlio oxidation of 
bromine with chlorine water 

Brj -f 5CU + GIIjO-> 2HBr03 + lOIICl. 

Here again, it is to be noted that bromine is oxitliscd, whilst chlorine 
undergoes reduction. Bromine, like ialine, coiusequenthj diftplays 
in its compounds a greater affinity for oxygen than does chlorine. 

The properties of bromic acid are quite similar to those of 
chloric acid. Thus it oxidises iodine to iodic acid, 

2HBrOa + SHlOj + Br, 

(H^O.BrA) (H,0,IA) 

ic. the oxygen valence of the bromine has fallen from five 
b> nil, whilst the oxygen valence of the iodine has increa.sed by 
the same amount. This confirms our previous conclusion that 
bromine is a stronger oxidising agent than iodine. This experi¬ 
ment also illustrates the fact that iodine has a greater affinity 
for oxygen than has bromine. 


Oxy-Acids and Oxides of Iodine 

Oxides. Oxy-ocids. 

(-).HIO hypoiodous acid 

I|Ot.HID, iodic acid 


I period i 


ic acids 


(IjO,).} P®*^*^*® acids 

. ( ) 

Only two oxides are known, the pentoxide and the tetroxido. 
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Hypoiodous Acid shows no fundamental difference from the 
corrospottding hyjiochlorous and hypobromous acids. Both 
in preparation and properties the kinship is so strongly marked 
tliat no further comment is required. 

Iodic Acid is prepared by methods similar to those used for 
the preparation of bromic acid : 

Ba(IOd2 + H,SO.^Ba.SO, -hSHIOa 

I 2 +5CU -h tiH,0->2HI03 -h lOHCl 

Another method is to oxidise the iodine with hot nitric acid : 

I,-f fiHN03-> 2 HT 03 + 2N,03-f2N03-f 2 H 3 O 

(3H,0,NA) (HjO.IA) 

The potassium salt of iodic acid is readily prepared by heating 
iodine and potassium chlorate with an aque/)us solution of an 
acid. The essential reaction is represented in the equation ; 

2 KCIO 3 + Ij— 2 KIO 3 + CI 3 
(K.O.ClaO,) (K^OJA) 

(Note the reduction of chlorine by iodine.) 

Iodic acid is non-volatile and may be obtained in the above 
experiments by evaporation, anti comes down as a white crystal¬ 
line solid, soluble in water. The acid first reddens litmus and 
then bleaches it. Iodic acid may be heated up to 170°, when it 
deeomposcs, leaving the qicntoxide behind. This anhydride, 
I 2 O,, is a white crystalline solid of considerable stability, 
which decomposes into its constituents in the neighbourhood 

of 300°. _ 

Owing to the affinity ^vith which oxygen is hold by iodine, it 

is to be expected that iodic acid would bo a less powerful oxidising 

agent tlian cither bromic or chloric acid. Experiment beam 

this out. Amongst the re<lucing agents which react wit 

this acid may be mentioned hydrogen iodide, hydrogen 

sulphide and sulphur dioxide. 

HIO 3 + 5HI^ 3 H 2 O + 31, 

2 HIO 3 d-SH^S-^SS + 6H,0 

2 HIO 3 + 5 SO, + 4 H 3 O I, + 5 H 3 SO* 

(H20,IA) (5H,0,S03) 

Tlie only naturally occurring iodato is sodium iodate, which 
is found in Chili saltpetre in small quantities, and forms the 
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starting point for the manufacture of the greater portion of the 
world’s iodine, 

Per-iodic Acid. 

In all case.s where one would expect to obtain the monobasic 

acid, HIO 4 , the compound HI0|,2H,0 or HJOc, seiiarates 
out. 

Per-iodic acid may be obtained by tlie action of— 

(а) Sulphuric acid upon barium periodate ; 

( б ) Iodine upon perchloric acid : 

2HC10,+2H,04l2-?^ 211104,2H,Of Cl,. 

(c) Chlorine upon an aqueous solution of sodium iodate and 
sodium hydroxide. In this case, the sodium hypochlorite U 
the active agent in raising the oxidation of the iodate to tho 
higher stage. The slightly soluble .salt which separates out, 
IS NajHjIO,, an acid salt derived from HjIOe. 

The per-iodic acid of the composition HI0|,2H,0, is a colour- 
les.s, deliquescent compound which, on heating, breaks down 
into oxygen, water and iodine pentoxide. Although it has 
not l^n possible to prepare the monoliasic acid, HIO,, salts 
of this acid arc well known (KIO 4 , etc.). 

Nomenclature of the Per-iodic Acids.— Both acids, HIO 4 

nnd Hilo,, are derived from the same anhydride 1 , 0 , Inot vet 
isolated); j i j \ j 

IA + H,0-^2HI04 
I,0, + 5H,0->2IIJ0, 

The difference between the properties of the salts derived 
from these acids is comparatively sliglit, and of a far less fimda- 
mental nature than exists between the salts derived from such 
acids as iodic and periodic. This arises from the fact that the 
two periodic acids differ merely in degree of hydration, and not 
m the degree of oxidation. In such cases it has become tho 
oustom to apply the term ortho-acid to the acid of the highest 
state of hydration known, whUo the term meta-acid is reserved 
for the acid with the lowest degree of hydration. Under such 
a system of nomenclature, HJO, becomes ortho-pcriodic acid, 

4 mcta-pcriodic acid. (A more systematic scheme, however, 
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would be to reserve the term ortho-acid for the acid of the 
liighest possible degree of hydration, viz. * 

I 2 O, + 7H,0-> P 2 O 5 -1- 5IR0 2 H 5 POS. 

Unfortunately, as the term ortho-acid has been oar-marked for 
the highest hydrated acid known, and as this differs in many 
acids, o.g. i)oriodic (HsIOo) and phosphoric (HjPO,), the term 
ortho-acid has acquired a somewhat loose significance.) 

Iodine Tetroxide, IsO*. has been prejwred in a state of more 
or less purity by the action of hot sulphuric acid upon iodic acid. 
Yellow crystals of the composition indicated by the above 
formula arc obtained. On heating the oxide decomposes into 
iodine and oxygen. Under the action of water or of dilute 
sulphuric acid auto-oxidation occurs. 

SI^O, + 4H,0-^ 8 HIO, + Ta. 

Alkalies yield a mixture of iodato and iodide. 


The Valence of the Halogens 

Tlio constitution of the oxy-acids of the halogens is still a 
matter of doubt. Some consider that these acids possess the chain 
linking, e.g. H—O—Cl. H—0—0—0—0—Cl. In the carbon 
compounds, where chain linking is so common, it has been found 
tliat the longer the chain, the less stable is the compound. In 
the case under discussion perchloric acid is the most stable of 
the oxy-acids of chlorine, and yet on the chain hypothesis it 
must presumably possess the longest chain. The chief point in 
favour of tliis constitution is that it preserves the mono-valency 
of chlorine and the other halogens, but the discovery of such 
compounds as ICls.IF#, has shattered the view, so tenaciously 
held, of the constancy of the valence of an element. At present 
the most logical view of the constitution of these acids is 
based upon the multi-valence of the halogens, o.g. chlorine, 
possessing any valence from one up to seven. On this assump¬ 
tion the structural formulae of the oxy-acids of chlorine would 

bo: 


H—Cl H—0—a H—0—C1=0 II—O—C1=0 
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0 

H—0—Cl^O 

O, 


whilst the hcptoxide would have the constitution represented 
by the graphic formula : 


O 0 

II II 

o=ci—0—a=o 

II II 

0 0 

Note. —Modem electro-valent formulae of these coinpounds 
arc given in Chapter XLI. 


General.—I n concluding the study of the halogens, the 
following points must be noted ; 

1. With increasing atomic weight, the physical properties of 
the elements show a stea<ly change ; 

2. With increasing atomic weight, the stability of the hydrides 
diminishes; 

3. With increasing atomic weight, the reducing power of the 
hydrides increases; 

4. With increasing atomic w’cight, the oxidising power of the 
halogens diminishes ; 

5. With increasing atomic weight, the stability of correspond¬ 
ing oxy-compounds increases, i.e. the iodates are more stable 
than the chlorates ; 

0. The stability of the oxy-acids (and of their salts) of each 
halogen increases with the oxygen content. 

The last statement is of very general importance. With few 
reservations, it may be stated that the higJier the oxide formed 
from any element, the more acidic in nature ia the oxide; when 
niore than one acidic oxide is formed from one element, the stronger 
nnd more stable acid will be derived from the oxide containing the 
QTeater amount of oxygen. 


Questions 

1. Describe^ tho preparation of an ^uooua solution of hypochlorous 
^Ki. What is the efToct of adding sodium hydroxide to such a solution ? 
How Would you distinguish on aqueous solution of hypochlorous ocid 
from one of chlorine T 

2. Describe tho modem method of manufacturing bleaching powder. 
Account for tho bleaching action of this substance. 
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3. How <lo you aocount for tlie stability of perchloric acid, oa 

conipnrc<l with hypochloroxis acid ? 

4. Compare and contrast the reactions— 

2HH-C1, -^21101 + 1, 

2 HC 103 + I,'-^ 2HI03 + a,. 

T). Describe the following reactions from the point of view of oxidation 

and roilviction ; construct equations. , - 

(а) An aquooU8 flohilion of ferrous chloride and chlorine. 

(б) Potassium chromate and hy<lrobromic acid. 

(c) Chlorine anti an aqueous solution of sulphur dioxide. 

(d) Hvdroccn iodide and iodic acid. 

V). What is auto-oxidation ? Illustrato your answer by reference to 

the action of heat upon sodium hypochlorite. , ... 

7. What is the action between chlorine monoxide and a strong solution 

of hydrochloric acid. t e a • ^ ^ 

8. 'How do you account for the lack of oxy-compounds of fluorine 7 

9. Devise a suitable coininorciul method for converting iodine into 
potassium iodate. 


CHAPTER XIII 


OZONE, HYDROGEN PEROXIDE 

Ozone 

Historical.—In 1785, Van Marum drew attention to the fact 
that, if electrical sparks are passed through oxygen, tlie gas 
acquires a peculiar araell, but little more was discovered till 
Schonbein (1839-1880) took up the subject, and discovered 
various methods by wliich this substance, which he named 
ozone, might bo prepared. It was not till 18G0 that Andrews 
and Tait conclusively proved that ozone contained no hydrogen 
and must consist of a form of matter identical with oxygen. 

Preparation.—Ozone is often formed in small quantities 
during electrical reactions. During the catalytic oxidation of 
ether by means of a hot platinum wire, ozone is generated, so, 
loo, in many processes of slow oxidation, e.g. during the slow 
oxidation of phosphorus. A mixture containing 14 per cent, 
of ozone in oxygen is liberated by the action of fluorine upon 
water. At high temperatures oxygen forms small quantities of 
ozone, which can be detected by suddenly chilling the gases to 
a low temperature. This can be effectively shown by blowing 
oxygen past the hot pencil of a Nernst lamp. 

I he usual method of preparing ozone is to expose pure, dry 
oxygen to the influence of the silent electric discharge. The 
mstrument in general use for this purpose is known as a Siemens' 
Ozone tube (Fig. 69). There are two concentric tubes. The 
inner tube is coat^ on its inner surface with tinfoil, connected to 
one terminal of an induction coil. The outer surface of the outer 
tube, which is similarly coated, is connected to the other 
terminal of the coil. A slow stream of oxygen is led through 
the annular space between the tubes during the passage of an 
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electric discharge. The gas which issues from the exit may 

contain up to 7-8 per cent, of ozone. 

If tlic mixture from the ozonizer consisting of oxygen and 
ozone is passed tlirough a spiral immersed in liquid oxygen, a 
deep blue solution of ozone in oxygen is obtained, and by 
cautious evaporation a Ii(iuid fairly free from oxygen, can be 
isolated. 



Properties.—Ozone is moderately soluble in water, 100 
volumes of water dissolving about one volume of ozone at 
0° one-half a volume at l2^ It has a very strong and rather 
unpleasant smell, and, if inhaled too freely, causes headache. 

Ozone is a most powerful oxidising agent; it attacks and 
destroys organic matter (rubber, etc.). Litmus and indigo 
sulphate arc both decolorised by it. Metals, even mercury 
and silver, arc oxidised by it. The action of ozone upon these 
dements is often quoted as a distinctive test for ozone. A drop 
of mercury, when shaken with ozonised air, loses its lustre and 
its perfect liquidity, forming “ tails ” upon the glass. If a piece 
of hot silver foil is plunged into ozonised air, it becomes tarnish^, 
no doubt owing to the formation of a film of silver peroxide. 
Lead sulphide is converted into lead sulphate by ozone. 

PbS + 403^ PbSO * + 40 

Another reaction in which ozone behaves as an oxidising 
agent is the following: 

2KI + H,0 + 03->2K0H + I, + 0,. 
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Many other oxidising substances, however, also liberate iodine 
from potassium iodide. 

Ozone is readily converted into oxygen by the catalytic 
action of platinum black, manganese dioxide, etc., as well as 
by the action of heat. If the ozonised oxygen from the ozoniser 
is passed through a piece of glass tube heated to about 3CM3®, no 
trace of ozone is found to escape—the decomposition is complete. 

The formation of ozone is attended by the absorption of a 
large amount of heat: 

0 + 0:-^0,-32,400 Cals. 

Composition of Ozone.—In determining the volume rela¬ 
tions of ozone and oxygen, advantage is taken of the fact that 
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ozone is completely absorbed by certain organic oils, viz. tur¬ 
pentine, oil of cinnamon. 

The original experiments of Andrews and Tait on the forma¬ 
tion of ozone threw the first light upon the composition of this 
substance. They took two tubes, to each of which is attached a 
small manometer to register changes of pressure occurring witliin 
(Eig. 70). The tubes contained platinum points, between which 
a silent discharge could be sent. One tube was filled with pure, 

o 
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(Irv oxvpen, the other with air as a blank experiment to control 
vaViatiims in temperature and pressure occurring outside the 
tube. The tubes were placed in a water thermostat and sparks 
t)assed. Tlie manometer on the tube containing oxygen soon 
allowed a contraction. On heating this tube above 2^0 , the 
onginal volume of gas was again obtained. If, after sparking, 
a small bulb containing potassium iodide was broken in the 
vessel, the gas no longer recovered its original volume on heating 
to 270°. The investigators concluded that ozone contains 

nothing but oxygen in a condensed form. 

Newth’s apparatus (Fig. 71) enables the quantitative com¬ 
position to be investigated. 

The fundamental principle of the apparatus is the same as in 
the Siemens’ ozonizer.. except that there is a manometer attached 
to the inner tube to record pressure variations. The apparatus 
is placed in a cylinder containing water at 0°. The annular 
space between the two tubes is filled with dry oxygen by ead- 
ing it tlirough the taps to 7>. E is then turned oil and the 
manometer brought into connection with the annular space by 
of tl.o three-way tap D. The coil ia -set in action and the 
contraction noted. The inner stopper is then twisted, and two 
elass projections G attached to it, crii.sh a bulb coiitaining 
turpentine. It is then found that hrice the original contraction 
occurs. The first contraction occurs when the ozone is formed, 
the second when the ozone is completely absorbed by the tur- 
lientine. Hence the inference that three volumes of oxygen 
form two volumes of ozone. 



Direct density measurements carried out with pure ozone pre¬ 
pared by liquefaction methods have recently shown the density 

to be 24 (M.W. = 48). 

Tlie work of Andrews and Tait established beyond all doubt 
that the molecule of ozone is built up of atoms of oxygen, whilst 
subsequent investigation upon the volume relationships when 
oxygen is converted into ozone has enabled the formula U, w 
bo assigned to ozone. In ozone and oxygen we have to do with 
two distinct substances, each endowed with its o^ specific 
properties, yet each buUt from atoms of the same kind, bucli 
Lbstancea are known as AUotropes. Whenever elements occur 
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in more than one form, but in the same physical state, they are 
known as allotropic modifications of each other. Gaseous and 
liquid oxygen aro therefore not allotropes, gaseous oxygen 
and gaseous ozone are. The chemical energy contained in tlie 
unit quantity of two alirgropes is always different, e.g. 1 gram 
of a diamond liberates 7840 calories, 1 gram of cliarcoal sets 
free 8040 calories. 


Hydrogen Peroxide 

Preparation.—Hydrogen peroxide is formed in small quan¬ 
tities when a jet of burning hydrogen plays upon the surface of 
ice-cold water, as well as by the action of moist oxygen ujjon 
many metals. Both zinc and copper, when shaken with oxygen 
and dilute sulphuric acid, produce small quantities of hydrogen 
peroxide. The metallic peroxides form the usual source of this 
compound. Sodium peroxide, treated with cold, dilute hydro¬ 
chloric acid, reacts thus : 

Na^O, + 2HC1-^ 2Naa -f H,0,. 

This gives an aqueous solution of hydrogen peroxide, from which 
the pure substance is not easily obtainable. This solution, 
however, serves to illustrate the proi>ertie 3 of hydrogen per¬ 
oxide. More often, however, barium peroxide is used. 

Ba0,-f2HCI^BaCI,-fH,0,. 

Tlie barium chloride is removed from the solution by the 
addition of silver sulphate in equivalent quantities : 

Baa, + AgjS04->BaS0.'^ -h2AgCI'i'. 

Barium peroxide, when slowly added to a cold <lilute solution of 
sulphuric acid, reacts in accordance with the equation ; 

BaO, + BaSO, i -f H,0,. 

The solution is then filtered, and concentrated by di.stillation 
under reduced pressure. Another method is exemplified by 
the equation : 

BaOj -f CO, -f BaCO, -f- H,0,. 

Pure hydrogen peroxide decomposes violently at 100°. Even 
in solution it evolves oxygen freely at this temperature. Dilute 
solutions may, however, bo concentrated by evaporation, 
provided the temperature does not rise above 70°. 

Properties. Hydrogen peroxide is a colourless, syrupy 
liquid {sp. gr. 1*6) with a bitter, metallic taste. When brought 
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into contact with the skin, it produces a painful blister. Hydro¬ 
gen peroxide is iniscihle with water in all proportions. T-ho 
pure substance is unstable and decomposes at temperatures 
considcral)lv below 0'^. In acpieous solution it is much more 
stal)le provided bases aiid salts are absent. A trace of acid 
increases the stability of the solution, and in this condition it 
may be preserved for a considerable time. 

If a solution of hydrogen peroxide is heated, oxygen is evolved : 

2H30,->2H,0 +O2. 

This action is facilitated, i.e. catalysed, even at low temperatures, 
by the presence of platinum black, charcoal, powdered metals, 
and finely divided manganese dioxide. Tlio action of the 
powder appears to be at least partly of a physical nature, for a 
strong solution may bo kept in a polished platinum dish at 60'’ 
without showing any signs of decomposition, but if the surface 
is scratched, bubbles of oxygen form along the scratch and 
escape. 

Hydrogen peroxide appears to react in a three-fold way : 

1. As a weak acid. 

2. As a strong oxidising agent. 

3. As a reducing agent. 

Its acidic nature is shown by its reaction with a base. On 
adding hydrogen peroxide to a solution of barium or strontium 
hydroxide the hydrated metallic peroxide separates out: 

Sr(OH), + 6HaO->SrO,.8HaO. 

Another reaction of the same type is : 

NaaCOs + HaO*-)- NaaO* + CO, + H,0. 

Hence it is sometimes called peroxidte acid, and the peroxides, 
its salts, are known as peroxidates. As an oxidising agent, its 
reactions are numerous. It liberates iodine from hydrogen 
iodide or from an acidified solution of potassium iodide: 

2HI+H,0,->2H,0+I.. 

It oxidises sulphides into sxUphates : 

PbS + 4H,0,—^PbSO, -h4H,0, 

a reaction of some slight importance. White lead, used in 
paintings, often reacts with traces of hydrogen sulphide to the 
detriment of the painting. If the brownish black lead sulphide 
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is then treated with hydrogen peroxide, the sulphide is tlierohy 
oxidised to the white sulphate. Hydrogen peroxide lias no action 
upon silver or upon mercury (cf. ozone). iSolutions of hydrogen 
peroxide are used for bleaching, i.e. oxidising the colouring 
matter prc.sent in silk, hair, ivory, feathers, etc. Dilute solu¬ 
tions (3 per cent.) are largely u.sed for antiseptic purposes. 

Two very delicate tests for hydrogen peroxide are knowTi, 
both of them based upon the strong oxidising properties of this 
compound. A few drops of a solution containing a salt of 
titanium, when treated with hydrogen peroxide, produces a 
bright orange yellow coloration. This reaction is supposed 
to be due to the formation of pcr-titanic acid : 

Ti0,4-H,0,->H,Ti0,. 

The tc.st is extremely sensitive and Is used as a test for titanium. 
By preparing solutions containing known quantities of titanium 
and by u.sing a colorimeter (an instrument for comparing 
accurately the colours of tw'o solutions) it is jiossible to estimate 
one part of titanium in 180,000 of water. 

Another characteristic test for hydrogen peroxide is the blue 
colour formed when it is added to an acidified solution of a 
chromate. An azure blue solution which rapidly decomposes 
is produced. If the blue solution is shaken with ether, the 
upper ethereal layer is found to have extracted i)ractically the 
whole of the colouring matter, and has itself taken on a very 
beautiful azure tint. It is stated that one j)art of hydrogen 
peroxide in 100,000 of water can be detected by this means. 
The blue compound is much more stable in the ethereal layer, 
but even here its instability is so great that its composition 
has not been determined. Many consider that perchromic 
acid or a loose compound of perchromic acid and hydrogen 
peroxide is formed. 

The action of hydrogen peroxide upon silver oxide is 
generally classed as one in which hydrogen peroxide functions 
as a reducing agent. Ag,0-f H,0.—>-2AgH-H,0'f Oj. In 
this reaction both the peroxide and the oxide suffer decom¬ 
position and apjwar to bo reduced. In all cases of oxidation 
and reduction hitherto met with, oxidation of one substance 
has taken place at the expense of another which is reduced. 
Perhaps in this case the more logical point of view would bo 
to postulate that the hydrogen peroxide oxidises the silver 
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oxidp to an unstable peroxide, which at once breaks down 
thus : 

■Ag10-1-11202—>-Ag,02-{-H,0, 

Ag20i-^2Ag-f-0,. 

There is nothing strained about such an hypothesis, for silver 
peroxide has actually been isolated, and the view that such a 
decomposition should yield the lowest stage of oxidation— 
the metal—and not the oxide, AgjO, is in conformity with what 
generally occurs. As an example, of this, it may bo stated 
that if the blue perchromic acid, described above, is heated, 
one does not obtain the next compound, the chromate, but 
reduction to a yet lower stage of oxidation occurs (5cc Per* 
chromic acid). 

Another reaction of a similar typo is that with ozone : 

H202 + 03->H20d-20, 

Composition.—Owing to the instability of pure hydrogen 
peroxi<le, it has not been possible to determine its vapour 
density. However, nnal^'sis shows that it is composed of 
hydrogen and oxygen in the ratio of atom to atom, i.o. the 
formula must be (HOl^. The molecular weight of hydrogen 
peroxide in aqueous solution (^cc Chapter xxvii.) is found to be 
34, i.e. n must have a value 2 and the formula be H 2 O 2 . 

Peroxides and their Structure.—Two formulce have been 
suggested for the constitution of hydrogen peroxide; 

H 

H-O-O-H and 

H 

The first of these formula; has been generally adopted as repre¬ 
senting the constitution of this compound. 

True peroxides are held to possess the linking present in 
hydrogen peroxide, —O—0—. The breaking down of sodium 
peroxide, barium peroxide, etc., with hydrochloric acid, would 
thus lead to the formation of hydrogen peroxide : 


Na-O 


HCl 

H-0 

II 

+ 

* 1 

2NaCl -f 

Na-O 


HCl 

H-O 



HjCl 

H-0 

Ba(i| 

-h 

\ 

—^ SdCl] ^ 1 


h|ci 
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Several oxides, which also possess two oxygen atoms, behave 
somewhat differently when treated T^'ith acid. 

Pb0j+4Ha-^Pba4 + 2H,0-^PbCI,4-CIi + 2H,0 
MnO, + 4HCl-> MnCI, + 2H*O^Mnaa + C1, + 2HjO 

With sulphuric acid, these oxides liberate oxygen. It appears 
that in these oxides the metals are tctravalent, and the liberation 
of oxygen or chlorine is the result of a breaking down of the 
tctravalent compound into a compound of a lower state of 
oxidation (divalent). The formation of PbCli and MnCli is 
therefore most easily explained on the assumption of the 
following constitution for the oxide : 


Mn 


In these cases the valency of the metal in the higher oxide is 
greater than in the lower oxide. The true peroxide linking w there¬ 
fore assigned to those compounds alone which form hydrogen peroxide 
with acid, whilst to those compounds which, on treatment with 
acid, show a degradation in their valence is attributed a constitution 
in keeping ivith the maximum valence that such a compound can 
exert. 

Questions 

1. DiRciiM how tho composition of ozone has been established. 

2. 'J'en cubic coiitimotrcs of a solution of hydrogen peroxide are treated 
with colloidal platinum. Tho evolved oxygen, measured at N.T.P., 
occupies 15 c.c. Calculate tho percentage of hydrogen peroxide present 
in tlio solution. 

3. Discuss the constitution of tho peroxides. 

4. What is tho action of hydrogen jwroxide upon (a) sodium hydroxide, 
(6) sulphurous acid, and (c) liydriodic acid 7 Write equations. 

6. Dcscrilx) any methods suitable for determining the strength of o 
solution of hydrogen peroxide. 




CHAPTER XTV 


CHEMICAL EQUILIBRIUM—THE LAW OF MASS 

ACTION—DISSOCIATION 

Numerous examples have been given in which the chemical 
reaction docs not continue to a completion, but reaches a state 
of equilibrium wliich may be approached from either side, 
i.e. the products of the reaction will react to give the same state 
of equilibrium as do the reactants themselves. Notable examples 
of these balanced or reversible reactions are the following : 

HH-l2^2HI 
CU -f H 2 O ^ HCl + HCIO 
NaCl + HjSO^ NalIS 04 4- Ha 
1,^21 

2 Ba 03 —2Ba0 + 0, 

3Fe + 4H„0 ^ Fe 30 , + 4H, 

We have seen how the equilibrium can be upset by the removal 
of one of the products of the reactions. The time has now come 
when the principles underlying these reactions should be clearly 
grasped. 

Equilibria considered from the Kinetic Hypothesis.— 
Suppose that hydrogen and iodine are enclosed in a vessel. 
Before interaction can take place between a molecule of hydrogen 
and a molecule of iodine, the tw’o molecules must meet in 
collision. The Kinetic Hypothesis assumes that the molecules 
are in a violent state of motion in straight lines, so that such 
collisions between molecules must be of frequent occurrence. 
The vigour of these collisions will at times be so great that 
chemical reaction will occur, and this will cause a steady 
decrease in the number of collisions betw'eeu the molecules 
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of hydrogen and iodine, i.e. tlie velocity of the reaction 
Kj“l"Ii >2HI must diminish as the reaction progresses. 

Let us now consider the back reaction 2HI-^H3-fI,. 
At the beginning of the experiment, owing to the absence o*f 
hydrogen iodide from the system, the velocity of the reaction 
2HI >-Hj-i-I- is zero, but as the hydrogen iodide begins to 
accumulate in the system, the chance of collision between 
molecules of this compound increases, and with it tiie possibility 
of chemical reaction. Hence the velocity of decomposition of 
the hydrogen iodide will steadily increase as the concentration 
of tlie hydrogen iodide rises. We have seen that, as the con¬ 
centration of the hydrogen and iodine falls, there is a steady 
decrease in the velocity of the forward reaction, -ivhile there is 
a consequential increase in tlie speed of the back reaction. 
At some point these two velocities must be equal, i.e. just as 
many molecules of hydrogen iodide will be formed’per unit of 
time by the combination of hydrogen and iodine mole<-ulcsosaro 
dccornjiosed per unit of time by the inverse reaction. On tliis 
point of view, chemical equilibria are essentially of a dynamic, 

not static nature (compare cases of phy.sical equilibria already 
discu.sscd, evaporation, etc.). 

On the above considerations, the velocity of a chemical 
reaction depends upon the number of collisions between the 
reacting molecules per unit of time. The number of these 
collisions is influenced by two factors: (a) teraiierature; 
(6) concentration. A rise in temperature causes an increase 
in the velocity with which the particles are moving, and so 
increases the possibility of collisions occurring. So far as con¬ 
centration is concerned, suppose that V denotes the velocity 
of the forward reaction between hydrogen and iodine when 
one gram molecule of each of these gases is present per litre. 
It is obvious that, if the concentration of the hydrogen is doubled, 
i.e. if the number of hydrogen molecules per unit of space b 
doubled, the velocity of reaction will be twice what it was 
before, i.e. 2V, And so, if the original concentration of the 
iodine is also doubled, the velocity of reaction will again bo 
doubled ; in short, (ht velocity of a chemical reaction is proportional 
to the concenlraiwtt of each of the reacting substances. 

This conclusion holds not only for gaseous reactions, but also 
for those in which liquids and solids are involved. This is not 
surprising, inasmuch as the Kinctio Hypothesis, originally 
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postulated for gases, has long since been extended to embrace 
piu'iiotnena in whicli liquids and solids are concerned. 

A very illuminating experiment has been devised in order to 
illustrate the influence of the concentration upon the velocity of 
a chemical reaction. It is based upon the following equations: 

HIOa + SHjSOa^SHjSO* + HI 
5HI + 


Prepare a solution of iodic acid by dissolving 17‘C gm. of iodic 
nei(i in a litre of water and also an N/10 solution of sulphurous 
acid. Into four large beakers put 15, 10, 5 and 2*5 c.c. of the 
iodic acid solution, and dilute by the addition of 100 c.c. of 
water. Add also to each beaker 20 c.c. of a starch solution. 
Then introduce equivalent volumes of the solution of the 
sulphurous acid, and note the time before the blue colour flashes 
out in each beaker. The period which elapses before the appear* 
ance of the blue colour is found to be dependent upon the con¬ 
centration of the reacting substances. 

In the reaction between the substances A and B to form the 
compounds C and D 


A+B;z^C + D 


suppose that at the moment of equilibrium the concentration 
of the reacting compounds, expressed in gram molecules per litre, 
is represented by o, 6, c and d respectively. The velocity of 
the forward reaction V—in accordance with the above 
considerations, is proportional to the conceiitration both of 
A and B, hence V— y=kx.ab. 


So, too, the velocity of the back reaction V-<— —kx.cd> 

At the moment of equilibrium V—— so that 

ki. ab=kycd or =j^ =K. K is generally referred to as the 

fC% 


Equilibrium Constant of the reaction Ad-B^n±C-|-D. 

In order to obtain a meaning for the proportionality factors 
A:, and A',, let the concentration of both A and B be unity. Then 
V—and V-<—=^* 2 , that is, and k^ represent the 
velocity of the reactions when the participating substances have 
unit concentration, kx and k^ are known as the velocity con¬ 
stants of the reactions, occasionally as the affinity constants of 
the two reactions, though it is perhaps difficult for the student 
to appreciate at this stage why the term affinity should be applied 
to two opposing reactions. 
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If the reaction is of a more complex t 3 ’pe than that discussed 
above, e.g. 

2A + 3B ^ 2C d- D. or A + A + B + B + C + C +D, 

V — >■ =1*1. aXax6x6 X b = ki a^b^, and similarly, 

V-<—= A:, cV, whence ; in general, K —— ‘ 

c*a ” c^a* . . . 

This is the most general expression of the so-called Law of Mass 
Action, for the discovery of which chemistry is indebted to 
Guldberg and Waage. 

The above deduction brings home the fact that K, the equili¬ 
brium constant, is the ratio of the velocity constants of the forward 
and the back reactions ; its value is readily obtained by measuring 
at the equilibrium point the values of all those substances 
participating in the reaction. 

In the reaction H,+I,;n±2HI, it has been found that 
at a temperature of 448® approximately 80 per cent, of the 
mixture consists of hydrogen iotlido molecules, 10 per cent, 
of hydrogen and 10 per cent, of iodine. This value is always 
obtained, whether pure hydrogen and iodine are heated until 
the equilibrium is reached, or whether hydrogen iodide is 
broken down into the equilibrium mixture. It follows that 
a xa 01 X 01 1 _ki 




X /V % 

= —=T-. i.e. the reaction between the 


6^ (0-8)* 64 ki 

hydrogen molecules and the iodine molecules proceeds 64 times 
as fast as the back reaction between the molecules of hydrogen 
iodide. 


Effect on the Equilibrium of altering the Concentration. 
—If, in the above reaction H,+I,;^±2HI, when equilibrium 
has set in at 448®, excess of hydrogen is introduced into the 
vessel, will a change in the equilibrium bo induced or not ? 
Before the introduction of the excess of hydrogen, wo had 

: let a-+-c denote the concentration immediately after 

the addition of hydrogen to the system, then, momentarily, 

we have To restore this expression to its original 

value, the numerator must decrease and the denominator increase, 
i.e. hydrogen and iodine must combino and so increase the 
concentration of the hydrogen iodide. 
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Whenever a system is in equilibrium, any increase in the 
concentration of one of the reacting substances, provided that 
temperature anci volume remain unchanged, will cause such a 
clmnge in tlio equilibrium as will tend to the removal of some 
of the added substance. 

Tliis generalisation is well illustrated by the reaction : 

FeCIa + 3 NH 4 CNS Fc(CNS )3 + 3NH,G1 

All the substances are practically colourless in dilute solution 
except ferric thiocyanate, which has an intense red colour. 
The experiment is best carried out by mixing equivalent 
quantities of ferric chloride and ammonium thiocyanate in a 
large volume of water, say 0 c.c. of a half normal solution of 
each of the reagents. The red solution obtained in this way is 
roughly divided into four parts, one of which is reserved for the 
purposes of comparison. The addition of ferric chloride or of 
ammonium thioevanate to difYorent beakers causes a marked 
increavse in the intensitj’ of the coloration, whilst the addition 
of ammonium chloride almost decolorises the solution. The 
equilihrium cxisti}ig in the solution can be moved at will by altering 
the concentration of the reacting substances. The addition of 
either of the compounds taking part in the forward reaction 
drives the reaction forward, whilst the addition of one of the 
products of the reaction reverses the reaction. In the above 
experiment the addition of ferric thiocyanate was not tried, 
as the strong red colour of this salt would mask any cliangc 
produced in the equilibrium. 

The Effect of a Change of Volume (or Pressure) upon a 
System in Equilibrium.—If a system is in equilibrium, one 
can predict the effect of a change of volume upon the equilib¬ 
rium by the application of Le Chatelicr’s Law. Suppose equi¬ 
librium has been set up in the system -f-1^ 2HI. This 
equation states that one volume of hydrogen combines with one 
volume of iodine to form two volumes of hydrogen iodide, i.o. the 
reaction is not accompanied by a volume change. Le Chatclier’s 
Principle {q.v.) states that an increase in pressure wdll favour 
the formation of the system with the smaller volume, whilst a 
decrease of pressure will induce such a change in the equilibrium 
as will be accompanied by a volume increase. It follows, 
therefore, that a change in the pressure (or volume) will exert 
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no change on the equilibrium Ii;=±2Hr, nor, indeed, on 
any eqiiilibrium wherein the chemical rt*action involves no 
volume change. 

On the other hand, the effect of an increase of pressure (or 
decrease of volume) upon the system 

PCL + CI,^PCIj 

1 vol. 1 voi. 1 vol. 

will be to force the equilibrium over to the right, as this change 
will be accompanied by a volume decrease. Tiie system, by 
adjusting itself in this way. follows a law of Nature—it is Nature’s 
attempt to avoid the increase in pressure whicli man is attempting 
to put upon the system. Other examples in which pressure 
will force the equilibrium to the right are: 

N, + 3H,^2NH, 

2BaO + Ot;=i2BaO, 

(Tlie two solids in the latter case occupy zero volume as com¬ 
pared with the gas). 

2CO + Oj;=::±2CO, 

In the following cases it is to be expected that an increase 
will force the equilibrium to the left. 

I,;=z±2I 

N,0,;=:±2N0,. 

Conclusions similar to the above arc reached if the Uiw of Mass 
Action is applied to the problem : 

H, + I,^2HI 

a b c 


Let the concentrations of the three gases at the equilibrium 
point be denoted by a, b, c, resi>ectivcly. Then, by the Law of 

Mass Action, —-=K. Suppo.se that the pressure is increased 

c * 


n times, then the concentration will become 7ib, na, nc. Hence, 
after the change of pressure is effected, the equation for cquili* 


brium becomes ^=K, from which one may conclude that 
no change in the value of a, b and c will occur as a result of the 


increased pressure—the equilibrium will not be disturbed, as 
already predicted by Le Cbatclier’s Law. 
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If th.‘ system PCIu4Cl;^ — ^PCU (wlionce is subjected 

a b c ^ 

to ail iricreaso in jiressuro n fold, the new concentrations will 

lieeome no, }tb and »c. Tlie equilibrium equation will then 

, , . TUX xnb . . 

become at the moment of the compression - =K, i.c. tno 

values of a and b must diminish and that of c increase, in order 
that the equilibrium constant K may retain its v^alue. Hence 
an increase in pressure will cause an increase in the concentration 
of the pentachloride, in agreement with our general deduction 
above. Conversely, a decrease in pressure upon the above 
system in equilibrium will lead to a dissociation of the penta* 
chloride uith a consequential increase in the concentration of 
the trichloride and chlorine. 


The Effect of a Rise in Temperature upon Systems in 
Equilibrium.—Here, again, Le Chatelier’s Law affords valuable 
information. All chemical reactions are attended by the evolution 
or the absorption of heat. The Principle of Le Chatelier predicts 
that, if a system is in equilibrium and an attempt is made to 
increase the temperature, that change will bo induced in the 
eijuilibrium which will negative the change which we are 
attempting to bring about in the sj’steiii. In short, an increase 
in the temperature will induce that reaction to set in u'hich is 
accompanied bp an absorption of heat, whilst a decrease of tempera* 
lure will favour the reactio7i which is accompanied by an evolution 
of heat. (See the Law of van’t Hoff, p. 107, which deals with 
the heat aspect of the General Principle of Le Chatelier.) 
Suppose that hydrogen iodide, hydrogen and iodine are in 
equilibrium at 448®. Seeing that the decomposition of the 
iodide is attended by an absorption of heat, it follows that, 
if the temperature is raised, further decomposition of the 
hydrogen iodide will occur. 


Equilibrium Reactions in CnEmsTRY 

Until comparatively recent times, the existence of equilibrium 
reactions was not dreamt of by the chemist. At the present day 
the view is rather to consider all reactions as equilibrium reactions. 
Even in the case of reactions which appear to run to a completion, 
it is held that the reaction is only apparently complete, and 
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that in reality the equilibrium lies so far over to one side as to 
be practically complete. As examples of this statement, consider 
the neutralisation of an acid by a base. 

Cu(OH), +2HCl->CuCK +2H,0. 

This typical reaction was long looked upon as one that ran 
to a completion, i.e. the base was completely neutralised bv 
the acid with the production of a salt and water. But it is 
now known that, if this salt is dissolved in a large volume of 
water, the reaction does reverse, and quantities of acid, readily 
and accurately measurable by physical means, are set free : 

CuC4 + 2n,0->Cu(0H)sH-2HCl. 

In other words, this Aydrofysis must result in an equilibrium. It 
is true that for certain specified bases and acids (e.g. sodium 
hydroxide and hydrochloric acid) no free acid can be detected 
in the solution, but in view of the whole multiplicity of acids 
and bases which do set up an equilibrium when neutralising 
each other, is it not more logical to conclude that, even in the 
few cases where such an equilibrium has not been detected, such 
a reversible reaction does occur, and its non-observance i.s 
merely due to the imperfection of the instruments which the 
scientist has at his disposal ? 

The mixing of a solution of sodium nitrate and potassium 
chloride appears to result in no chemical change, but such a 
solution is idimtical with one obtained from mixing together 
solutions of sodium chloride and potassium nitrate. What 
other conclusion can be arrived at than that the equilibrium 
KNOj+NaCl^zz^KCl+NaNOj has been set up? (For further 
discussion of this reaction, see p. 413.) 

Factors affecting the Equilibrium.—Our investigations 
concerning the reaction NaCI+H 3 S 0 ,;=^NaHS 04 -fHCl led 
us to the conclusion that, if the hydrogen chloride cannot escape 
from the system, its concentration in the solution and its vapour 
pressure will steadily increase until the speed of the back reaction 
exactly equals the speed of the forward reaction, and an equili¬ 
brium between the four compounds is set up. In the terms of 
the Law of Mass Action, if the concentrations of the substances 
in the solution at the point of equilibrium are represented by 

c, d respectively, then K=^- If the concentration of d is 
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loworcci, e.p. hy allowing the hydrogen chloride to escape from 
the system, the e(iuilihrium will be upset, and in order to restore 
K to its etpiilihriuin value c must increase, and a and b decrease. 
In otlier words, the reaction will swing to the right m the 
endeavour to restore the equilibrium. Such displacements of 
the equilibrium are brought about both by physical and chemical 
means. The above method of displacing the equilibrium is 
essentially physical in nature. Another example of this type is 
afforded by the use of palladium or platinum vessels for reactions 
in which hydrogen is one of the participating substances. 

2111 pH. 

2H.0^2H, + 02 .... (2) 

If the compounds hydrogen iodide and water are heated to a 
definite temperature, equilibrium will ultimately be set up in 
accor<lanco with the above equations. Denoting concentrations 
in the two reactions by Ui, 6 ,, c,, and a*, 63 , 03 , we obtain 





But if the reactions are carried out in an apparatus provided 
with a wall permeable to hydrogen (i.o. of platinum or palladium), 
this gas will escape from the system until the pressure is the 
same within and without ; the concentration of the hydrogen 
witliin the apparatus will thus fall below' the equilibrium value, 
and further dissociation into the elements must take place. 

The most important physical factors which affect equilibria 
are undoubtedly volatility and solubility. The reaction 

NaCl + H 3 S 04 -> NaHSO. + HCl 


which illustrates sufTicicntly the manner in wdiich an equilibrium 
is swung over through the escape of a volatile product of the 
reaction, has already been discussed {see p. 151). 

The effect of solubility in preventing the establishment of an 
equilibrium is well illustrated by the reverse reaction (see p. 151). 

NaHSO, + HCl—> NaCl + HjSO*. 


Another example of this type is the precipitation of barium 
sulphate by the addition of sulphuric acid to a solution of 

barium chloride. 
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Badj + H,S04^BaS04 i + 2Ha, 

but before considering this reaction in detail, let us consider, 
in general, the action of sulphuric acid upon solutions of other 
soluble chlorides, e.g. copper chloride, sodium chloride. 

Experiment has sho^ra with all certainty that, wiien dilute 
sulphuric acid is added to a dilute solution of a soluble chloride, 
a perfectly definite equilibrium is set up, e.g. 

CuCl, + CuSO. + 2HC1 

NaCl + H,S 04 ^ NaHS 04 + HCl 

provided the sulphate formed is also soluble. If the solutions 
are sufficiently dilute, no escape of hydrochloric acid occurs, 
and the equilibrium is clearly defined. In the first of the above 
equations, if a gram molecules of copper chloride are treated with 
b gram molecules of sulphuric acid, x gram molecules of cop[XT 
Bulphate and 2x of hydrochloric acid will be formed ; hence 

„ x.(2x)* 

{a-x)lb-x) ■ • • 

Tliis equation tells us that, if the same quantity of any soluble 
chloriac, the sulphate of which is also soluble, is treated with 
sulphuric acid under comparable conditions of concentration 
(and of temperature), the same amount x of sulphate must be 
produced: under such conditions, a, b and K in equation (3) 
have a constant value, whence x must also be constant. 

But if the solubility of the sulphate is such that x molecules 
of the sulphate cannot remain in solution, a deposition of the 
sulphate must occur. In the reaction, 

BaCU + H.S0,^BaS04>^ +2HCI 

long before the equilibrium concentration of barium sulphate 
is reached, the amount of this substance present far exceeds 
the amount which the solvent is able to hold in solution, and 
precipitation ensues. The reaction therefore swings to the 
right, and the completeness of the precipitation will be measured 
by the insolubility of the barium sulphate. This method of 
looking upon the precipitation of such an insoluble salt may 
appear somewhat artificial, but he who doubts is advised to 
explain why, under comparable conditions of concentration and 
of temperature, sulphuric acid will always displace the same 
fractional amount of hydrochloric acid from a chloride, the 
sulphate of which is soluble. 
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Further light upon the question is shed by the reaction : 

BaSO* + Na.COj^ BaCO^ + Na.SO, 

abed 
Solid. SoImI. 

Barium sulphate, if boiled with a solution of sodium carbonate, 
is partially decomposed with the formation of insoluble barium 
carbonate, whilst measurable quantities of sodium sulphate are 
found in solution. If the concentrations are represented by 
a, h, c, d. where a and c are necessarily very small, the Law of 
Mass Action states that, wlien equilibrium has been set up 



but, seeing that solid barium sulphate and carbonate arc present, 
the concentration of tliese salt.s must liave a constant value at 
the teinp(Taturc of our experiment, and may therefore be 
included in the constant, i.e. we may write 

k = f wlicre k =K.^, 
b c 

The reaction will cease when tlic ratio of sodium sulphate to 
sodium carbonate has reached a certain definite vahie. This 
result is in strict accord with experiment. 

An excellent example of a chemical method of influencing 
the equilibrium has already been studied. Take the reaction 

Cl, + HiO ;=± HCI + HCIO. 

If an alkali is added to the solution, the acids formed are 
neutralised, and the reaction swings over to the right. The 
neutralisation of the two acids by the alkali prevents tlie reverse 
reaction 

HC1 + HC10->C1, + H,0 

from setting in, so that the forward reaction 

Clj + H^O-^HCl + HClO 

is enabled to progress far beyond the usual value. 

A somewhat similar example is afforded by the reaction 

Suppose a tube is filled with hydrogen iodide, and placed in an 
oven, maintained at a temperature of 448®, with one end of the 
tube projecting into a freezing mixture. Within the tube inside 
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the oven, decomposition sets in untU the usual equilibrium at 
IS temperature (10 per cent, iodine, 10 per cent, hydrooen 
80 per cent, hydrogen iodide) has been set up. Inline will at 
once d.ffu.so into the projecting end of the tu'ie, Z"e U Im 
deposit Itself m the solid state. The equilibrium within the 
tube will be thereby disturbed and more of the hydrogen iodide 

cold ‘he solid iodfne in the 

o the iodine in the hot part of the tube that steady diffu.sion of 
iodine from the place of high pressure to that of low pressure 
must continue. Dissociation of the hydrogen iodide wiU there¬ 
fore he promoted By this simple physical device it is possible 

hvdmee°”’'T ■io<*idc almost completefy into 

per cent, dissociation occurs normal] y. ^ 

On the other hand, if a piece of caldiini carbonate is intro. 
Kcd iiiU) a tube filled with equal quantities of hydrogen and 
1 me, and the tube placed within an oven iiiaintained at 

the rc^tim’," ■'» aceordance with 


^2 1 ,— 

tlio hydrogen iodide will react with the carbonate 

CaC03 + 2H1 ->Car3 + H,0 -f- CO, 
and the hack reaction 


2HI -V H, 

bs thereby prevented. The result of this will be that hydrogen 
and imline will continue to combine, the hydrogen iodide heiiig 
removed as soon as it is formed. Ultimately, the whole of the 

t^m^TIl^" 1 "“o oombinatioii, 

Oiough the hydrogen iodide is not immcdiaU-ly available 
None the less, the equilibrium avaiiaoit. 


H,-f I,^2HI 

mefhod''”*'™''® ‘'““P‘‘'‘*’y ^ l>y this “0110011001 

Dissociation and Heterogeneous Equiiibria.—In many 
hemical phenomena the system is heterogeneous. The usual 
ty^s of heterogeneous reaction met with arc solid and liquid 
TOhd and gas. So far as the system—solid, liquid—is concerned, 
the application of the Law of Mass Action is comparaUvely 
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aiinplo. for all solids have a specific solubility in every solvent. 
In the presence of an excess of .solid, the solubility of the solid 
phase at constant temperature has a constant value (.src preceding 
.section). Rut when the .system—solid, gas—is considered, a 
dilTerent method of treatment is in vogue. Every solid, like 
every litpiid. has a fixed, though small, vapour pressure at every 
temperature. A piece of camphor or of iodine sublimes, a sheet 
of copper susjiended in vacuo above a lump of sulphur becomes 
coated with a film of sulphide. So long as solid is present, tliero 
will be a constant vapour pressiire of the solid compound, and 
interaction between solid and gas will naturally take place 
through tlie nu'dium of the gaseous phase. As an example, the 
reaction CaCOj —^ CaO fCOj will serve. If the vapour pres¬ 
sures of the three compounds are respectively n, h, c, then since 

c{incenfrations are proportional to pressure; but a, h are 

constants, since solid calcium carbonate and oxide are present, 
80 that the equation becomes k^c. Hence, the prcs.sure of the 
carbon dioxide has a fixed value at every temperature. This is 
known as the dissociation jncssure of the calcium carbonate. 
So, too. in the reaction 2 Ba 03 ;r=±2RaO-|-Oj, we are led to the 
conclusion tliat at every temperature there will be a constant 
oxygen prc.ssure exerted by the peroxide—a fact taken advan¬ 
tage of in the Rrin's oxygen process. As a final example, the 
reaction SFe-I ^HjO ^—^ Fe 30 j 4 - 4 H; will sufiice. If steam and 
iron are lieated in a scaled tube to a constant temperature, the 

, is set up. The two 

solids, iron and iron oxide, have at the temperature of the 
experiment a fixed vapour pressure, i.e. c and a are constants 

,, d 

and may be included in the constant, hence it‘=^orA:=-^ 

E(iuilibrium will be set up when the pressures of hydrogen and 
steam bear to each other a fixed ratio. This is in strict accord 
with experiment. 


equilibrium defined by the equation K 


Questions 

1. Explftin what U meant by a " rovorsiblo reaction.'* 

2. Show tho relation which exists between the equilibrium constant 
an<l the velocity constants of the two opposing reactions. 

3. How may the equilibrium be displaced 7 
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4. A mixture of hydrogen and iodine, in tho proportion of one volume 
of hydrogen to three of iodine, was treated at 445* C. untU equilibrium 
hml been established. Tho equilibrium constant was found to be 0 02. 
Calculate the percentage of iodine converted into hydrogen iodide. 

5. Iodine dissociates with rising temperature. If the sv.stem 1,^21 
M in equilibrium at 700* and tho temperature bo mist'd to *900% would it 
bo possible to restore tho equilibrium to that which existed at the lower 
teinjieraturo, and if eo, by what moans ? 

6. Discuss tho reaction 


3Fe + 4H,0^Fe304 + 4H, 
from tho point of view of tlie Law of Mass Action. 

7. Tho influence of temperature and pressure upon the reaction 

N,+ 3H,^2NH3 

is shoim in the following table: 

Tompomture .... 700* 901* 

Ammonia (I atm.) . . . 0 022 0 007 

Ammonia (30 etm.) . . 0 0.‘j4 0-207 

From these results de<luco tho mo.st suitable commercial conditions for 
manufacturing ammonia Simthetically. 

8. State tho Law of Mass Action, and ilhustmto it by reference to the 
action of water upon bismuth and antimony chlorides {q.v.). 

9. Explain what is meant by the "velocity constant" of a chemical 
reaction* 
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SULPHUR: ITS HYDRIDES AND CHLORIDES 

Occurrence.—Sulphur occurs freely in the native state, 
especially in volcanic districts (Sicily, Italy, Iceland, Japan, New 
Zealand, United States, etc.). Large quantities of this element 
are also mot with in the combined state. Such sulphides ns zinc 
blende (ZnS), pyrites or iron sulphide (FeSj), galena or lead 
sulphide (PbS), copper pyrites (CuFeSa), cinnabar or mercury 
sulj)hide (HgS) are of frequent occurrence, whilst such sulphates 
as baryte.s or heavy .spar (BaSOj and gypsum (CaS 04 , 2 H 50 ) 
have a fairly wide distribution. 

Extraction.—Natural sulphur is always more or less mixed 
with earthy matter, from which it is freed by the jirocess of 
melting. Tlie ore, containing up to 25 per cent, of sulphur, is 
stacked upon a sloping floor, and the lieat produced by the 
combu.stion of part of the sulphur causes the remainder to melt. 
It is then allowed to drain into wooden moulds, and forms roll- 
sulphur. Further purification is effected by distilling the crude 
sulphur from earthenware pots. The vapour passes into a largo 
brick chamber and condenses in the form of a fine powder, 
known as Flowers of Sulphur. The condensing chamber is not 
artificially cooled, so that its temperature soon rises sufficiently 
high to cause the sulphur to melt. This is drawn off and run 
into moulds. 

A small quantity of sulphur is also obtained by the decom¬ 
position of poly-sulphides (g'.v.)as well as from the waste products 
of the alkali works (Chance’s process, g.v.). 

During recent years large quantities of sulphur have been 
obtained from the sulphur beds of Louisiana. These beds have 
an average thickness of 150 feet and lie about 450-500 feet below 
the surface. The method of raising the sulphur to the surface 
(the Frasch process) represents one of the triumphs of the 
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chemical engineer. A suitable arrangement of pipes down 
which superheated water is forced is sunk into the bed. The 
molten sulphur collects round the bottom of this pipe and is 
forced to the surface by means-of compressed air. In order to 
prevent solidification setting in, the pipe carrying the sulphur in 
the form of emulsion (i.e. mixed with air) is jacketed with super¬ 
heated water. After the well is exhausted, sandy earth is 
introduced to prevent subsidence. As much as 73,000 tons is 
obtained from such a well. The average yield per year is about 
250.000 tons, and the estimated amount of the deposit is 
40,0t)0,000 tons. Sulphur supplied by the Frasch process 
dominates the world’s 
markets at the present 
time. The accompany¬ 
ing diagram shows a 
section through a Frasch 
sulphur pump. 

Physical Properties. 

—Sulphur is a pale yel¬ 
low, brittle, crystalline 
solid, insoluble in water 
but dissolving freely in 
carbon disulphide and 
6ulj)hur dichloridc. If a 
solution of sulphur in 
carbon disulphide is 
allowed to cva{>orato 
slowly, well-defined crys¬ 
tals of rhombic form separate from the solution. The specific 
gravity of these crystals is 2 03-2 06 and their melting point 
Sulphur which occurs native belongs to the rhombic 
system, as also do the crystals present in roll sulphur. 

If a large evaporating basin is filled with molten sulphur and 
the contents allowed to cool slowly, a crystalline crust forms. If 
this crust is broken through and the unsolidified liquid poured 
out, the lower surface of the crust is found to bo covered with 
long, needle-liko crystals. These crystals are nearly trans¬ 
parent, melt at 119°, have a specific gravity 1-96 and belong to 
the monoclinic system. So long as tlic temperature is main¬ 
tained above 96°, the crystals remain clear and transparent, but 
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below tliat tompemture, they slowly lose their transparent 
appearance, owing to their becoming broken into a number of 
smaller crystals of the rhombic variety. Tlii.s slow change is 
accelerated by contact with a crystal of rhombic sulphur. Con¬ 
versely, if a cry.stal of rhombic sulphur is heated above 96'’, a 
slow conversion into monoclinic sulphur sets in. Contact with 
a crystal of monoclinic sulphur will accelerate the change. The 
temperature 90'* is known as the transition temperature of 
rhombic into monoclinic sulphur. Below 90'’ rhombic sul¬ 
phur is the stable j)hase, whilst above that temperature rhombic 
sulphur becomes unstable and tends to pass into the stable 
monoclinic form. The change 

S S 

rhombic nionoclinio 

is attended by the absorption of heat and by a volume increase. 
These changes arc graphically shown in Fig. 73, where the vapour 



pressure curves of sulphur (rhombic, A-B; monoclinic, B-C; and 
liquid, C-D) are plotted as a function of the temperature. In 
this diagram B denotes the transition point, C the melting 
point of monoclinic sulphur and E of the rhombic variety in a 
Btato of meta-stabihty. It is reached by the rapid heating of 
the rhombic form beyond the transition point. 

Other but less important crystalline forms of sulphur exist. 
This element affords a very interesting example of a ‘polymorphic 
substance —an clement or compound which crystallises in more 
than two crystalline forms. Substances which crystallise in two 
forms are known as di-morphic. 

The behaviour of the molten sulphur is also of interest. At a 
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temperature immediately above the melting point the liquid is 
of a clear amber colour, but fairly mobile ; but as the tempera¬ 
ture rises, the mass becomes more and more viscous, until at 
230® it is almost black, and so viscous that the vessel may be 
inverted without any of the liquid running out. At 200® the 
viscosity again diminishes appreciably and at 443® the liquid 
boils. 

If sulphur is boiled, and then allowed to cool slowly, the 
reverse series of changes is notict^d, the end product being 
crystalline sulphur, soluble in carbon disulpliide. But if sulphur, 
when heated above 330®, be poured into water, the substance 
solidifies to a tough, clastic material similar to india-rubber, 
kno^Ti as plastic sulphur. In a few days this plastic sulphur 
becomes hard and brittle, and is found to con.sist largely of 
rhombic sulphur, which may, of course, be dissolve<l out with 
carbon disulphide. A residue is left, which entirely lacks 
cr}'stallinc form—tlic so-callc‘d amorphous sulphur. Amorphous 
bodies are really supercooled li((uids, existing at a temperature 
at which one would expect them to take on the stable cr^’stalline 
condition. The cooling has been so rapid that the molecules 
have not had time to arrange themselves in that definite way 
required for crystalline structure, and nothing more than a 
general rigidity has set in. 

Chemical Properties.—Sulphur in the finely divided form 
unites slowly with oxygen, even at the room temperature ; at 
the temperature of 300® sulphur ignites in air. Sulphides are 
readily formed by the action of finely divided sulphur u])on 
metals. The reactions are generally started by gentle heat, and 
soon the whole mass becomes incandescent, such is the vigour of 
the combination. A strip of copper foil burns vigorou.sly in 
sulphur vapour. 

The determination of the density of sulphur vapour has led to 
the conclusion that at relatively low temperatures (500®) the 
molecule of sulphur is a complex one, Sg (molecular weight= 
256), but as the temperature rises, the density steadily falls. At 
1,000® it has a density which points to its molecule being diatomic 
Sj (M.\V.=64). There appears little doubt that between the 
temperatures 500-1,000®, the variable molecular weight recorded 
is due to the effect of temperature upon the equilibrium 
Sj—>-4»Sj. 
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From 1000’to 1,700® the molecular weight remains constant 
at 04, though it is claimed that above this temperature a still 
fuilher dissociation sets in. 

Commercially, sulphur is in considerable demand for the 
preparation of suljdiur dioxide, which is required for bleaching 
and for the manufacture of sulphuric acid. Gunpowder, fire- 
work.s, matches, all contain appreciable quantities of sulphur. 
Finely divided sulphur is freely used as a fungicide. 

Hydredes of Sulphur 

There arc three compounds of sulphur and hydrogen—hydro¬ 
gen sulphide (HjS), hydrogen disulphide (KgSg), and hydrogen 
trisulphidc (HjSj). Of these the first is by far the most 
important. 

Hydrogen Sulphide. 

Hydrogen sulphide, occa.sionally still known as sulphuretted 
hydrogen, is fotind in some mineral waters and also occurs 
amongst the gases ejected by volcanoes. It is also formed by 
the putrefaction of animal and vegetable products containing 
sulphur, viz. eggs. 

Preparation.—This compound may be made in the following 
ways : 

1. Synthetically, by the action of sulphur upon hydrogen at a 

temperature somewhat above 300®. At 310®, however, about 
seven <lays arc required to secure the maximum yield of hydrogen 
8ulj)hide. An increase in temperature of 10® reduces the time 
iicccssnrv for reaction by about one half, so that in the neighbour¬ 
hood of 400® the reaction is completed in a few minutes. On the 
other hand, it has been found that the combination of hydrogen 
and sulpliur is attended by an evolution of heat, so that the 
higher the temperature, the less h 5 'drogen sulphide will bo formed 
at the equilibrium point, i.e. a rise of temperature displaces the 
equilibrium to the left (Le Chatelier’s Law). 

Direct combination of hydrogen and sulphur as a method of 
preparing hydrogen sulphide is therefore not satisfactory, inas¬ 
much as those conditions which favour a rapid reaction give a 
relatively small yield of the gas. 

2. Hydrogen sulphide may be displaced from its salts by the 
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action of a le.ss volatile acid. In general practice hydrochloric 
acid is alloworl to act upon iron sulphide : 

FeS -f 2HC1 Fed, + ILS. 

Sulphuric acid is less satisfactory tlian hydrochloric, as the 
ferrous sulphate formed in the reaction is very apt to choke the 
generator unless the concentration of the acid is kept fairly 
low. A type of generator which is much more economical 
for class work than the 
ordinary is shown in Fig. 74. 

The sulphide is placed in 
the part of the apparatus 
marked A and this is kept 
heatc^l by means of a steam 
jacket or by the electric cur¬ 
rent. Strong hydrochloric 
acid Is allowed to drop upon 
this column of sulphide and 
the gas is liberated with 
almost explosive violence. 

The acid which escapes into 
the receiver is completely 
sj>cnt. Iron sulphide gener¬ 
ally contains free iron, so 
that hydrogen sulphide, 
prepared from this reagent, 
is usually contaminated 
by the presence of small 
quantities of hydrogen. For 
ordinary testing purjwses 
this is no detriment, but 
where a pure sample of the Fio. 7 t. 

gas is re<iuircd, it is usual to 

use a sulphide of a more definite composition, viz. antimony 
sulphide, barium sulphide, etc. 

Sb^, + 6HCI ^ 2SbCl3 + SH^S. 

3. Hydrogen sulphide is obUined by the extreme reduction 
of a sulphur compound. Sulphuric acid is thus reduced by 
the very active reducer, hydrogen iodide, to hydrogen sul¬ 
phide, though, if the sulphuric acid is strong, reduction to 
sulphur and sulphur dioxide only may occur. 
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8III -r H,S + 4 T 2 +4H,0 

(II.OSOO 

Even snlpluir itself is retiuced by gaseous hydrogen iodide to 
hydrogen sulphide. 

2HI+S->H,.S+I,. 

Tliis action is of interest, as we have already seen that Iiydrogen 
sulpliidc will reduce an aqueous solution of iodine, forming 
hydriodic aeid in solution (ji. Iti;")). These two reactions are in no 
way contradictory—they are essentially different reactions. The 
action of Iiydrogen iodide gas upon sulpliur is attended by an 
evolution of heat, i.e. the energy content of the system after the 
reaetion is le.ss than that before the reaction. The interaction 
between hydrogen sulphide and an aqueous solution of iodine 
consists of two steps—the reaction + Ij ^ 2HI + S, which 
in the light of what has been said, must be an endothermic reac¬ 
tion, i.e. energy is absorbed during the reaction ; and secondly, 
the solution of the hydrogen iodide in tiie water to form an 
aqueous solution of hydriodic acid. The latter process is 
€-X'othernui!, so tliat the solution of hydriodic acid contains less 
energy tlian does the gaseous hydrogen iodide. The amount of 
heat involved in the second step considerably exceeds that 
absorbed in tlie first step, so that tiic net result of these coupled 
reactions is that tlicre is a net decrease in the energy of tlio 
system. 

Physical Properties.—Hydrogen sulpliidc is a colourless gas 
Iiaving a rather sweetish taste and a characteristic offensive 
odour. It is a jiowcrful poison in the pure state, and even if 
breathed in a diluted form for a long time, produces headache 
and nausea. Its poisonous properties may be computed from 
the statement tliat one part of hydrogen sulphide in a thousand 
is fatal to a bird, and one part in two hundred to mammals. At 
10 C., 3G0 c.c. of hydrogen sulphide dissolve in 100 c.c. of 
w'atcr. The gas can be readily expelled from the solution by 
boiling. It siiould tliercfore be collected over hot water in order 
to lessen the loss through solubility. 

Hydrogen sulphide was first liquefied by Faraday by means of 
his bent tube {see p. 147). Hydrochloric acid and iron sul- 
phide were brought into reaction, and a colourless liquid soon 
collected in the cooled tube. At —61® the liquid boils, while at 
—83® it freezes. 
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Chemical Properties.—The aqueous solution of hydrogen 
sulpliide is weakly acid, so that this compound must be con¬ 
sidered as a feeble dibasic acid. As such, it gives rise to two 
ty|>c3 of salts—the normal type, KjS, and the acid salts (or 
hydrosulphides), NaHS. Acid salts of this type arc rc^adily 
obtained by the action of hydrogen sulphide upon solutions of 
the alkalies. 

NaOH + H^ NaHS + H^O 
Ca(OH)j -h 2H,S ^ Ca(HS), + 2H,0. 

Insoluble sulphides arc precipitated by the action of hydrogcL 
sulphide upon aqueous solutions of the heavy metal salts; 

CuSO. + H^ CuS L 4- H^SO, 

soluble normal salts of the alkalies arc obtained by the action 
of an alkaline hydroxide on an equivalent quantity of the aeid 
salt. 

NaOH I NaHS ^ Na.S f H,0 
Ca(H.S)j4 Ca(OII), ^ CaS t-2H A 

On evaporation, the equilibrium is swung to the right owing to 
the c8ca|>e of the water from the system, and the somewhat 
unstable sulphide separates out. A consideration of the 
equilibrium NaOH-fNaHS^^z^Na^S + HjO in the light of the 
Law of Mass Action would suggest that the addition of water to 
sodium sulphide will lead to the hydrolysi.s of this substance, 
i.e. it will be j)artially decomposed by the action of the water. 
The precise amount of the various sodium .salts in the solution 
will bo determined by the amount of water added in accord¬ 
ance with the equation 

^aOH)(NaH^)^ 

(H,0)(Na^‘) ' 

the symbols in tlie brackets denoting concentrations. In order 
that the Law of Mass Action, as embodied in the above equation, 
should hold, any increase in the concentration of the water must 
cause a corresponding decrease in the concentration of the 
sodium sulphide and an increase in the concentration of the 
hydroxide and the acid sulphide. 

Liquid hydrogen sulphide forms a crystalline hydrate with 
water, of the probable composition H^S, OHjO, the behaviour of 
which closely resembles that of chlorine hydrate (g.v.). It exerts 
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a definite partial pressure both of hydrogen sulphide and of 
acjueous vapour, and. unless in a sealed system, the compound 
will slouly decompose. 

Hydrogen suljihide hurn.s in air, forming steam and sulpliur 
dioxi<le, 2H;S-{-^02—>‘2H20d-^SOj. Tlierc seems little doubt 
that in the interior of the flame a dissociation in accordance with 
the equation HjS—occurs, os the temperature lies far 
al)ovc 310®, the temperature where the dissociation becomes 
noticeable. This view receives confirmation by noting the 
result when the flame is allowed to impinge upon a cold dish— 
a deposit of sulphur is obtained. 

The Uses of Hydrogen Sulphide in Chemical Analysis. 

1 lie solubilities of tlui .sulpliides of the heavy metals show 
extreme difTerences, and upon this is based tlio use of hydrogen 
sulphide as a reagent in analytical chemistry. Tlie sulphides 
may be divided roughly into three main cla.sses : 

(а) Sulphide's insoluble in dilute acids, c.g. cojijier, silver, load, 
tin. mercury, bismuth, cadmium, arsenic, antimony, gcild, 
platinum. 

(б) Sulphides soluble in dilute mineral acids, but insoluble in 
alkaline solutions, e.g. iron, manganese, cobalt, nickel, zinc. 

(c) Sulphides hydrolysed by water, and therefore not precipi¬ 
tated by liydrogen sulphide whether in acid or in alkaline solu¬ 
tion, e.g. cluomium, aluminium, magnesium, barium, strontium, 
calcium, potassium, sodium. (Hydrogen sulphide in alkaline 
solution precipitates the hydroxides of chromium and of 

aluminiiim but causes no precipitation in the case of the other 
metals.) 

In the case of group c a reaction such as is shown, 

CaC4 -b H,S CaS -f 2HC1 

ensues, but owing to the hydrolytic action of the water, no 
precipitation of tlie sulphide occurs. 

2CaS + 2H,0 ^ Ca(OH), + Ca(HS),. 

So far as groups a and h are concerned, in all cases double decom¬ 
position occurs with the precipitation of tlie insoluble sulphide. 

McClj. + H^S —^ MeS i -f 2HC1 
(Mo denoting a divalent metal such as cadmium, zinc, etc.). 
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As the reaction progresses, hydrochloric acid accumulates in 
the system and in all cases the back reaction 

MeS+2HCl^MeCl,+H,S 

must be reckoned with, hence, in general, one may write 


MeCU + HjS ^ MeS + 2HCI, 
whence, adopting the usual nomenclature, we obtain 

(MeGjIlH.S) 

(McS)(HCl)2 

The concentration of hydrogen sulphide is kept constant by 
bubbling the gas through the solution, whilst the concentration 
of the metallic sulphide is also constant in the presence of tlio 
solid which has separated, so that the equation may bo written : 

(MeCb) 




=K. 


And so one sees tliat the hi"her the concentration of hydrochloric 
acid in tlie solution, the greater must ))e the amount of metal 
salt retained in the solution iinprecipitated in onlcr that K may 
retain its constant value. Experience has shown that for most 
of the metals of Group IIA the value of K is so small tliat the 
amount of salt which remains in solution is negligible, i.e. these 
sulphides arc practically insoluble in hydrochloric acid, but this 
is not true for such metals as cadmium, lead and antimony. The 
sulphides of these metals are only precipitated by the action of 
hydrogen sulphide when the concentration of hytirocldoric acid 
does not reach too high a value. 

In the case of the metals of Group IIII3, even if a neutral 
solution is taken, partial precipitation only is ciTeeted, ns the 
steadily rising concentration of the acid soon brings the reaction 
to a standstill e.g., ZnCli+HjS ZnS+2HCl. Complete 
precipitation may, however, be brought about if the acid formed 
is removed by the addition of an alkali, in practice ammonium 
hydroxide being used. 

A consideration of the above solubilities has led to the adop¬ 
tion of the scheme of qualitative analysis at present in vogue. 
Group H of the analytical tables consists of the metals whoso 
sulphides are insoluble in the presence of dilute hydrochloric 
acid, and Group III of the metals, the sulphides and hydroxides 
of which are insoluble in the presence of ammonium hydroxide. 
Group IV and V of those metals the sulphides and hydroxides of 
which are soluble in the presence of ammonium hydroxide. 
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Composition of Hydrogen Sulphide.—If a known volumo 
of pure hy<lrog(‘n .sul[)lii(le is decomposed by the passage of 
electric sparks, no change of volume occurs. It follows from 
Avo^adro s Hypothesis that in every molecule of hydrogen 
sulphide there must be one molecule, i.e. two atoms of hydrogen. 
'J'he formula is therefore H ,S„. The relative density of hydrogen 
8 ulj)hido (0 ;J2) is 34-204. Hence: 

Molecular weight of hydrogen sulphide = 34-204 

Weight of hydrogen in the gram molecule = 2 010 


Weight of sulphur in the gram molecule ^ 32-188 

The atomic weight of sulphur is 32-07, so that there can be but 
one atom of sulphur in the molecule of hydrogen sulphide. The 
formula is therefore HjS. 


Reducing Action of Hydrogen Sulphide.—Aqueous solu- 
tions of hydrogen sidphidc undergo the same slow oxidation as 
do a<iueous solutions of potassium iodide (p. IGG). 

2IES + 0s->2H,0 d- 2S 

This reducing action of hydrogen sulphide is frequently met with. 
It is supposed that much of the world’s native sulphur has arisen 
from the interaction between hydrogen sulphide and sulphur 
dioxide. 

2HjSd-S0a-^2H,0 + 3S 

(Ihc stutlent will note that the sulphur atom present in the 
molecule of hydrogen sulphide is here oxidised to elementary sul¬ 
phur, whilst the sulpliur atom in tlic molecule of sulphur dioxide 
is reduced to sulphur.) 

Recently a commercial application of this reaction has been 
effected for the viiJca7iisation of rubber. The raw rubber is not 
sulHeicntly clastic, is too easily attacked by solvents, and too 
readily affected by temperature elianges. The vulcanisation, 
which was formerly achieved by heating flowers of sulphur with 
the caoutchouc dough, removes these deleterious properties. In 
tlie modern process the caoutchouc is subjected to the action 
of the above gases, whereby colloidal sulphur is precipitated 
throughout the mass. The great advantage of the process lies in 
the fact that it is more rapid than the old and can bo carried 
out at ordinary temperatures. 
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When hydrogen sulphide is led through concentrated sul* 
phuric acid, a similar reduction occurs, 

H,S -f H 2H,0 + S + SOj. 

(H30,S03) 

the sulphur atom of the hydrogen sulphide being oxidised to 
sulphur and the sulphur trioxide group reduced to sulphur 
dioxide. As agent for drying hydrogen sulphide, sulj)huric acid 
is consequently useless, and so is calcium chloride. Hydrogen sul¬ 
phide, if sealed up in a tube with calcium chloride, would speedily 
set up an equilibrium through the weak acid hydrogen sulphide 
replacing a scarcely measurable trace of hydrogen chloride, 

CaClj -f HS ^ CaS + 2HCI, 

but if the hydrogen sulphide is led over the calcium chloride, the 
hj’drogen chloride formed during this replacement will be carried 
away, and the back reaction effectively prevented, so that a dry 
but impure hydrogen sulphide would result. 

The only suitable reagent for drying hydrogen suljihide is 
phosphoric anhydride (PjO,). This acidic oxide is not readily 
reduced like sulphuric acid, nor does it react with a gas of an 
acidic nature. 

Hydrogen sulphide reduces nitric acid energetically, and is 
itself oxidised either to sulphur or to sulphuric acid, according 
to the strength of the acid. 

H,S -t- 2HXO,-> 2H*0 -f- S -f 2N0, 

(H,0,N,0,) 

HjS -f SIINOa —> 8NOj -f H,S04 d- 4H,0 

(4H,O.NA) 

Similarly", the chromates, manganate.s, anrl permanganates 
are readily reduced by the action of hydrogen sulphide : 

KaCr*0,-f-4H.S04+ 3H,S->Cr,(S04), d-+ 7 H 3 O + 3S. 
(KA 2 Cr 03 ) (Cr.O„3SO,) 

In this reaction the hexavalent chromium is reduced to the 
trivalcnt stage. There are thus available of the left hand side 
of the equation 2 xC = 12 valences, w'hilst after the reduction the 
chromium valence towards oxygen is in all 2x3=6. A total of 
six valences are therefore available for the purpose of oxidising 
the hydrogen sulphide. The oxidation of hydrogen sulphide 

Q 
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roquircs two valences per molecule, HjS + O^H^O-fS. Hence 

r\ 

the gram molecule of dichromato will oxidise '^-=3 molecules of 
hydrogen sulj>liidc : 


2KMnO, -I 3 H 2 SO* + SHjS —> K^SO, -f 2 MnS 04 + SH^O + 6S. 
(KjO.Mn^Od {JMnO.SOa) 

In the reduction of the permanganate there are rendered available 
for oxidation purposes 14—4 = 10 valences, and as each molecule 
of h 3 ’drogen sulphide needs two valences for its oxidation to 
sulpluir, it is evident that five molecules in all can be oxidised by 
the action of two molecules of permanganate. 

In both the above reactions the sulphuric acid may be replaced 
by h 3 ’drochloric acid, but in this case a very sliglit excess only 
of the acid should be used, otherwise interaction between the 
hydrochloric acid and the oxidising agent will occur witli the 
liberation of chlorine. 

Another reducing action of hydrogen sulphide is the reaction 
with the halogens : 

H,S+CU->2Ha+S. 

Hydrojien Persulphide or Hydrogen Disulphide. 

When sulphur is shaken with a solution of the alkali sulphides, 
appreciable quantities of the sulphur pass into solution, and 
after evaporation a substance of somewhat variable composition 
is obtained. The composition appears to range from NajS* to 
NajSs. If a solution of this persulphide is treated ^vith dilute 
h 3 'drochloric acid, a precipitate of milk of sulphur is thrown 
down, and hydrogen sulphide escapes : 

Na^Ss + 2HCI 2NaCl + H^S + 4S, 

but if the pol 3 'sulphide is slowly poured into cold hydrochloric 
acid, the reaction takes a different course. No gas escapes and 
a heavy yellow oil falls to the bottom of the vessel. Careful 
fractional distillation of this substance has led to the isolation of 
hydrogen disulphide, H^Sj, and hydrogen trisulphide, H^Sa. 
Other sulphides such as HgSj have been described, but their 
chemical identity is doubtful. The disulphide is an oily liquid 
with a pungent smell. It is very unstable, decomposing at 
ordinary temperatures into sulphur and h 3 'drogen sulphide, 

H 3 ’drogen persulphide burns with a blue ffame, and like its 
analogue, h 3 ’drogen peroxide, it possesses feeble bleaching 
properties. 
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Sulphur dissolves readily in it. The trisulphide has very 
similar 2 )ro]>crties to the persulphide. 

Chlorides of Sl’lphcr 

Tljrce such compounds are known :—Sulphur chloride, S.Clj ; 
sulphur dichloride, SCL ; sulphur tetrachloride, SCI*. 

Sulphur chloride is obtained by pas-sing dry chlorine over 
heated sulpliur in a retort. The coin{)ound boils at 13S® and is 
readily separated by condensation. Tlie liquid fumes in moist 
air and reacts with water : 

2S,Clj + 3HjO -> 4HC1 + H.SOj + 3S. 

It has considerable commercial application in the vulcanising of 
rubber, owing to the case with w’hich it dissolves sulj)liur. Tlie 
vapour density (0=32) is 135, show ing that the molecule is double. 

Sulphur dichloride is obtained by passing chlorine into 
sulphur chloride at the temperature of melting ice : 

SaClj + CL-)-2SClt. 

The dichloride is a reddish liquid which parts readily with one 
atom of chlorine. 

Sulphur tetrachloride can be obtained by saturating 
sulphur dichloride with chlorine at —22*. It dissociates readily, 
forming chlorine and 8ulj)hur chloride. The compound reacts 
violently with water forming sulplmr dioxide and hydrogen 
chloride, SCl4+2H,0->S0j4-4HCi. 

Sulplmr also forms a bromide S,Brj and a well defined hexa¬ 
fluoride SF#. This gas is chemically inert and is of considerable 
chemical importance in establisliing the hexa-valency of the 
sulphur atom : 



The above compounds furnish strong evidence in favour of 
variable valence. 

Questions 

1. Give an account of the commercial sources of sulphur. 

2. Discuss the allotropic modifications of siiiphur. 

3. Discuss Uio reaction H,+S ^ H,S fully. (Show the effect of 
temperature, pressure and other factors upon this equilibrium.) 
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4. Oivo fln account of the fundamental principles underlying the use 
of hydrogen sulphide as nn nnniyfical reagent. 

6. Discuss the follou-ing reactions fully_ 

HjS + SO, 

If-,S -j- IfXO, (diluto) —► 

H,S + XaOjf-,. 

HjS -h K,Cr 04 -fH,S 0 < 

fiulphidr^*^*^” would doinonstrato the composition of hydrogen 

7. Clikwify the Hul,.hi.les of the metals according to their behaviour 
towards (a) water, (6) sodium hydioxido, (c) hydrochloric acid. 
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THE OXIDES AND OXY-ACIDS OF SULPHUR 

The oxides and oxy-acids of sulphur are summarised in the 
following table :— 

Oxiclo. Acid. 

Sulpliur Bcsquioxidc, iS,Oj Hyposulplnirous ncid, lIjSjO, =]FjO, 8,03 
Sulphur dioxide, SO, Sulphurovis aci<l. }I,S 03 =H,().S 0 , 

Sulphur trioxide, SO 3 Sulphuric acid, H,S 04 =lf,O,S 03 

I'yroHulphuric acid, 1 I,S ,07 = H, 0 , 2 S 03 
Sulj)hur heptoxido S,0, Pereulphuric; acid 11,8,0^=11,0,8,0, 

Thiosulpliuric acid, If, 8,63 

Polythionic ocidH 
Difhionic acid, H.SjOj 
Trithionic acid, lIjS^O, 

Tetruthionic acid, IfjS^O^ 

Pentathionic acid, H,S,0, 

Sulphur Dioxide 

Preparation.—Sulphur dioxide is obtained by the combiLstion 
of sulphur in air or oxygen ; small quantities of sulphur trioxido 
are formed at the same time. Part of the sulphur dioxide 
utilised in chemical industry is obtained in this w'ay, though 
perhaps even more is obtained by roasting iron pyrites in air : 

4FeS, + 110,-> 2 Fe ,03 + 880,. 

The most useful laboratory method of obtaining this gas is by 
the action of acids upon the sulphites or acid sulphites. Strong 
sulphuric acid is allowed to drop from a tap funnel into a flask 
containing a strong solution of the sulphite : 

NaHSO, + H,SO*-> NaHvS 04 + SO, -f H,0 
Na,SO, + H,S 0 *-)^Na ^04 + SO, + H,0. 

Sulphur dioxide may also be obtained by the reduction of hot 

229 
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stron" sul{)huric acid. As reducing agents the elements copper 
mercury, silver, carbon and sulplmr may be em 2 )loyed : 

C + 2H2SO, CO, -f 2SO, + 211,0. 

In tlio ease of a rnctal, e.g. copper, acting upon sulpliuric 
acid, it is highly probable that hydrogen is first liberated 
Cu ^(’uS 04 -t- 2 H and this nascent hydrogen im¬ 

mediately reduces the ijot concentrated acid : 


2Hd- H,S 04 -^ 2 H, 0 +S 0 ,. 

At any rate, hot concentrated sulphuric acid is reduced to sulphur 

(lioxidc by the passage of molecular hydrogen through the 
liquid. 



Physical Properties.—Sulphur 
dioxide is a colourless gas posses¬ 
sing the vvell-known suffocating smell 
associated with hurning sulphur. 
It is more than twice ns heavy as air 
and is, therefore, generally collected 
by the upward displacement of the air. 
The gas is an acute poison. Sulphur 
tlioxicie is easily liquefied by passing it 
through a condenser cooled by ice and 
salt, and forms a transparent, colourless 
litjuid, boiling at —8® and solidifying at 
—70® to a white solid. The gas is very 
.soluble in water, from which it may be 
entirely expelled by boiling : 


1 volume of water at 0° dissolves 79'8 vol. of 
1 •• M .. >. 20® „ 39-37 „ „ 

^ '• »» »* )> ‘^0'* M 18'7G ,, ,, 


sulphur dioxide 

>1 


The extreme solubility of this gas is strikingly 8ho\vn in the 
following experiment (Fig. 75): The flask is fijiid with sulphur 
dioxide, the trough with water coloured blue by litmus. The 
tap is opened and the flask warmed sufficiently to expel any nir 
lodged in the tube. As the flask cools water slowly rises, and 
the vacuum produced by the absorption of the gas in the water, 
soon results in the production of a fountain-like jet of reddish 
coloured water. 
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Chemical Properties.—The solution of sulphur dioxide in 
water has an acid reaction. The acid itself has not been isolated, 
but forms a well-defined series of salts—the sulphites. Conse¬ 
quently, sulphur dioxide is often referred to as sulphurous 
anhydride, the acid being known as sulphurous acid. 

Though sulphur dioxide is not inflammable, and not a sup¬ 
porter of combustion in the ordinary sense of the word, many 
meUiIs such as finely divided iron react with it, producing the 
sulphide and oxide of the metal. 

Under the action of light sulplmr dioxide undergoes decom¬ 
position, forming sulphur trio.xide and sulphur (auto-oxidation) : 

3S0,^2S03-f S. 

This photochemical effect is best illustrated by projecting a 
beam of light through a long tube fillo<l with sulphur dioxide. 
The originally transparent gas soon becomes murky and foggy, 
clearly marking out the track of the beam of light (Fig. 70). 



Fia. 76. 

On removing the source of light, the equilibrium slowly shifts to 
the left, and the gas again becomes clear. 

Reducing Action of Sulphur Dioxide.—.Sulphur dioxide 
has marked bleaching properties, due to its reducing action ; 
there is consequently a fundamental difference in the chemistry 
of bleaching by means of sulphur dioxide and chlorine. Some 
consider that sulphur dioxide reduces the water, and liberates 
hydrogen, and this hydrogen, reduces the colouring matter : 

S 03 + 2H,0-^H2S04 + 2H. 

This view is supported by the fact that articles blenched by 
sulphur dioxide have their colour readily restored by mild oxidis¬ 
ing agents. Moreover, sulphur dioxide will not bleacli in the 
absen<^ of traces of water. Flannel and sponge, bleached by 
means of sulphur dioxide and left moist, soon turn yellow again 
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on exposure to the air. Rose leaves are easily bleached by 
sulphur tlioxide, but on the addition of a small quantity of 
sulphuric acid the colour is restored. Considerable use is made 
of sulphur dioxide as a commercial bleaching agent for decolor¬ 
ising such articles as straw, silk, wool and sponge. 

An aqueous solution of sulphur dioxide reduces chlorine 
bromine and iodine : ’ 

CU 4- 211,0 -f SO,-^ 2HCi + 

hence its use as an “ anti-chlor ’’ to remove traces of chlorine 
left in articles bleached by chlorine. The action of an aqueous 
solution of sulphur dioxide upon iodine appears to be a con¬ 
tradiction to the statement already made (p. 10.,) that hydrogen 
iodide reduces sulphuric acid in accordance witli the equation : 

2Ht 4- IKS0,->2H,0 4-SO, 4-I=. 

provided the reduction is cfTected in aqueous solution. As a 
matter of fact, wc have to deal with an equilibrium reaction : 

2H,0 4- SOa 4- la 2III +11,SO., 

and the position of the equilibrium can, as usual, bo varied at 
will by altering the concentrations of the reacting substances. 
Advantage is taken of this reaction in estimating the amount of 
sulphur dioxide present in an aqueous solution. An iodine 
solution of known strength is allowed to run in so long as decoloris- 
ation occurs, but in order to prevent the back reaction from 
setting in, the titration must be carried out at such a dilution 
that tlio reverse' reaction between hydriodic and sulphuric acids 
docs not occur. In this way the equilibrium is driven practically 
completely to tlic right. From a knowledge of the strength of 
the iodine solution used, one can calculate the equivalent quantity 
of sulphur dioxide by the application of the above equation. 

Otlier oxidising agents such as potassium dichromate, 

potassium permanganate, iodic acid and lead dioxide, are reduced 
by sulphur dioxide : 


K,Cr,0,-f-SSOa + H^SO. 
(K, 0 , 2 Cr 03 ) 

2KMn04 4-5 SOj 4- 2 H 2 O- 
(K,0.Mn,0,) 

2HI03 4-5S08 4-4H20-» 

(HAIA) 

Pb05 4-S0,->PbS04 


OjfSO.), 4- K3SO. + H3O 
(Cr,03.3S03) 

-^K3S04 4-2MnS0. 4 - 2 H,S 04 

(MnO.SO,) 

5 H 3 SO 44 -I, 

(HjO.SO,) 
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Such is the vigour of the reaction between sulphur dioxide and 
the lead dioxide that the mass becomes incandescent. 

Oxidising Properties of Sulphur Dioxide.—The oxidation 
of finely divided iron, magnesium, etc., by sulphur dioxide, ^^^th 
the formation of the metallic oxide and sulphide, yields an 
illustration of the oxidising action of sulphur dioxide. So, too, 
does the reaction 2HiS+SOi—^HjO+SS. But perhaps an 
even better example is afforded by the reaction between sulphur 
dioxide and stannous chloride dissolved in hydrochloric acid. 
At first a fine precipitate of sulphur separates out; this is soon 
followed by a golden yellow precipitate of stannic sulphide, i.e. 
the sulphur present in the dioxide has been reduced to sulphur 
and then to hydrogen sulphide in order that the tin may be 
oxidised to the stannic form 

SO 3 1 - 3SnCl, + Glia3SnCI, U H,S + 2H,0 

with Hubsequent reaction between some of the stannic chloride 
and the hydrogen sulphide : 

SnCl, + 2HjS ^ SnS, i + 4HC1. 

Composition of Sulphur Dioxide.—This is dotcrinined by 
the combu.stion of sulphur in a measured volume of oxygen. No 
change of volume occurs, so that, by the application of Avogadro'.s 
Hypothesis, one arrives at the conclusion that every molecule 
of sulphur dioxide contains a molecule of oxygen ; the formula 
Is SnOj. From the density of sulphur dioxide (04) (0 =32) it 
follows that: 

One gram molecule weighs 04 gin, 

» » » oxygen „ 32 „ 

Weight of sulphur in the molecule 32 ,, 

Tlie atomic weight of sulphur being 32-07, it follows that there 
e.an be but one atom of sulphur in the molecule of sulphur dioxide. 
The formula is therefore SO,. 

Sulphurous Add. 

There seems little doubt that in aqueous solutions of sulphur 
dioxide a weak acid exists—sulphurous acid : 


H,0+S0,^H^0„ 
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but thi' instability of this acid has prevented its isolation. It is 
probable that many of the reactions of sulphur dioxide already 
discussed are really the reactions of sulphurous acid rather tlian 
of the dioxide, c.f'. an aqueous solution of sulphur dioxide is 
much more readily oxidised by oxygen than is sulphur dioxide 
itself. It apj)ears highly probable that in this reaction the 
sulphurous acid is oxidised at a greater rate than the sulphur 
dioxide. The removal of sulphurous acid from the system by 
the action of the dissolved oxygen will, in accordance with the 
Law of Mass Action, lead to the formation of fresh sulphurous 
acid at the expense of the dis.solved sulphur dioxide, and the 
oxidation continues to progress. An aqueous solution of sul¬ 
phurous acid undergoes auto-oxidation, with the formation of 
sul])huric acid and the precipitation of free sulphur; 

3HjS 03-^2H,S0* + S i + H,0. 

The constitution of sulphurous acid is made clear by an 
investigation of the 2 )roperties of the compound, thionyl cliloride. 


Thionyl chloride, SOCL, is prepared by the action of jihos- 
phorus j)(“ntacblori(le on dry .stdj)hur dioxide : 


O S-O-f 




0=p<fci 

^C1 


It is presumed that in this reaction there is no cliange in the 
tetravalency of the sulphur atom ; hence the inference that one 
of the oxygen atoms is replaced by two chlorine atoms, both 
of these being directly combined to the central sulphur atom. 
On treatment with water thionyl chloride forms suli^hurous 
acid: 



HOH 


+ 

HOH 




2HC1. 


Assuming that the monovalent hydrox}*! radicle replaces the 
monovalent clilorinc atom without any structural change in the 
grouping of the molecule, it follows that sulphurous acid has the 
symmetrical formula (i): 
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though evidence of an organic nature strongly suggests that the 
unsymmctrical form also exists in solution, probably in equili¬ 
brium with the symmetrical form (i). 

The above constitutional formula for sulphurous acid enables 
the chemist to express in a concise way the behaviour of this 
substance in its many reactions, but the student is again warned 
against looking upon the above constitutional formula as repre¬ 
senting the actual orientation of the atoms within the molecule. 
It is a mere diagrammatical representation of the chemical 
behaviour of the molecule and of the inter-relations of the atoms. 

Sulphites.—Two classes of sulphites exist^tlie normal and 
the acid sulphites, e.g. Na.SOa and NaHSO^. The latter, in 
common with many other acid salts, lose an acid group on heating 
and pass into the normal salt; 

2NaHS03->Na^S0,-f-HjSOj-^-Na^SO,+ HsO -{-SO,. 

The sulphites, though more stable than the parent acid, are 
nevertheless readily decomposed by the action of heat. The 
sulphite undergoes auto-oxidation : 

4 Na,S 0 ,-> 3 Na,S 04 -i-Na,S. 

(Na,0,S0,) (Na, 0 ,S 03 ) 

Owing to the in.stability of sulphurous acid, acids evolve 
sulphur dioxide from sulphites: 

NajSO, d- 2HCT~>2XaCl + 2Naa + 11,0 H- SO,. 

The instability of the sulphites is further emphasisetl by the ea.so 
with wliich they undergo oxidation botli in the solid and in the 
dissolved state : 2Na,S0,-f 0 ,-> 2 Xa,S 04 . The addition of a 
small quantity of sugar, glycerine, alcohol, etc., to a solution 
of a sulphite almost entirely prevents this oxidation. These 
substances act as negative catalysts or retarders of the 
reaction. On the other hand, a faint trace of copper sulphate 
increases the rate of oxidation enormously. 

Tiie tendency of sulphur dioxide to pass into sulphur trioxide, 
and still more, the tendency of sulphurous acid and the sulphites 
to undergo oxidation and pass into sulphuric acid and the sul- 
pliates respectively, illustrates the general rule already stressed 
in the case of the oxides and oxy-acids of the halogens. Lower 
oxides are, as a rule, of a weaker acidic nature than the higher 
oxides, whilst the acids formed from the lower oxides are not 
only weaker but also less stable than those derived from tho 
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higlicr oxides. There is a general tendency for the lower acid 
(salt) either to add on oxygen from the atmosphere or, failing 
that, to umlergo auto-oxidation in order to form a more stable 
system, c.g. : 

3KCI0->KC103 + 2KC1 
4 Na 3 SO,-> 3 Na 3 SO* +Na,S. 

Sulphur Tiuoxide 

Suljihiir trioxide may he prepared by the following methods : 

1 . Ry heating ferric sulphate. Fea(‘Sb.) 3 -^Fo, 03 + 3 S 03 . 

2. By dehydrating sulphuric acid with phosphorus pentoxide 

(F aOj). 

3. By the direct oxidation of sulphur dioxide. 

Of those methods the third far outweighs the others in 
importance, for it forms the basis of the modern method 
of manufacturing sulphuric acid. The direct oxidation 
2SOa + Oj^=± 2 SO 3 proceeds very slowly. The velocity of the 
oxidation is much accelerated by a rise in temperature, but 
another factor comes into play which sets an upper limit to the 
temperature at whicli it i.s economically possible to work. Tlio 
direct oxidation of sulphur dioxide is attended by a considerable 
evolution of heat, hence a rise of temperature causes dissociation 
of sulphur trioxide. The equilibrium 2S08-{-08 2SOa, in 
accordance with Le Chatelicr’s Law', will be swung to the left by 
the rise in temperature, i.c. the higher the temperature, the 
smaller the yield of sulphur trioxide obtained wlien equilibrium 
has sot in. It is true that high temjicratures enable us to reach 
the cquUibrium point more quickly, but this advantage is more 
than counterbalanced by the decreased yield. It has been 
found that at 400“ nearly 98 per cent, of the gases are in a state 
of combination w-hen equilibrium has been reached, but unless a 
suitable catalyst is used, the time taken to reach the equilibrium 
concentration of sulphur trioxide is too great for the method to 
be economically possible. Many catalysts have been tried, 
among them ferric oxide, copper oxide, pumice, but by far the 
most efficient in its action is platinum. Although a patent has 
long been held for the preparation of sulphur trioxide by the 
catalytic oxidation of sulphur dioxide (Phillips, 1831), it was not 
till 1^1 that Knietsch succeeded in making the process a com¬ 
mercial success. The improvements based upon the results of 
Knietsch were twofold ; 
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1. It was found necessary to scrub out of the reacting gases 
every trace of the compounds of arsenic and other impurities 
which are frequently present in the sulphur dioxide obtained by 
the oxidation of pyrites. Arsenic compounds, in particular, 
have a remarkable poisoning action upon finely divided platinum, 
in wliich form the platinum is generally used as a catalyst, so that 
its accelerating power rapidly disapi)ears. If, however, pure gases 
are employed, the life of the catalyst is practically unlimited. 

2. Owing to the great heat of the reaction when sulphur 
dioxide is oxidised, the t<‘mperature of the reaction tends to rise 
rapidly above 400® and the efficiency of the process would suffer 
if this were not prevented by 
adequate precautions. In 
the modern processes this is 
effected by admitting the cold 
gases in such a way as to 
avoid a local rise in tempera¬ 
ture. 

An analysis of the equation 
2 SOtd 280] from the 

point of view of the I.aw of 
Mass Action shows that an 
excess of oxygen will cause 


oxide. In practice, therefore, 
three volumes of oxygen to 
two of sulphur dioxide are 
used. 

In the modern develop¬ 
ments of thi.s process efforts 
were first made to remove 
traces of the injurious arsenic 
by means of coke filters, and the catalytic oxidation was begun 
in the presence of ferric oxide (Mannheim process). The oxida¬ 
tion was completed in the presence of platinised asbestos. In 
spite of this there was a steady decrease in the efficiency of 
the platinum. At the present day the difficulty has been 
avoided by the use of arsenic free sulphur, the catalyst used 
being platinised magnesium sulphate. Fig. 77 is a diagrammatic 
representation of a modern contact plant. 


an increase in the equilibrium 
concentration of sulpliur tri¬ 
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Physical Properties.—Sulphur trioxicle exists in two forms, 
a and a solid. The liquid, which boils at 4G®, is exceedingly 

volatile at ordinary tomj)erature.s, and fumes strongly in air. On 
cooling it forms white crystals whicli melt at 14-8®. A crystal¬ 
line variety of the sub.stancc, somewhat like asbestos in appear¬ 
ance, is obtained by heating the li<|ui^l to a temperature of about 
10 for some time. These crystals also fume, and at 50® volatilise 
freely. From mohcular weight determinations it appears that 
the solid form is a polymer of the liquid, having a formula 

(SOd,. 


Chemical properties.—Sulphur trioxide eombines with 
water with great energy to form sulphuric acid. On account of 
the great energy of the combination, sulphur trioxide is able to 
extract the elements of water from such substances as sugar, 
paper, skin, producing a charring clYect. Sulphur trioxide also 
reacts with extreme vigour with many metallic oxides, forming 
sulphates : 

RaO +803-4-BaSO*. 

In this ca.so the mass becomes incandescent, owing to the heat 
of the reaction. 


Sulphuric Acid 

The remark has been more than once made that the wealtli and 
importance of a nation may be best estimated by noting the 
extent to which this mo.st important chemical is manufactured 
and utilised. In nearly every chemical industry it finds its place 
—it is extensively used in the manufacture of explosives, nitric 
acid, hydrochloric acitl, sodium carbonate, fertilisers, and in 
countless other industries such as electroplating, dyeing, 
bleaching, etc. 

Manufacture of Sulphuric Acid 

Tliere are two important methods of manufacturing sulphuric 
acid—the old “ Chamber ” process and the modern “ Contact ” 
process. 

Contact process.—The theory of the contact process has 
abeady been discussed under the heading “ sulphur trioxide.” 
The preparation of the trioidde by the catalytic action of 
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platinum is the first and most important stop in the manufacture 
of sulphuric acid by this process. The white mist-like sulphur 
trioxide which escapes from the contact cliambor is raj)i(lly 
dissolved in 97-98 per cent, sulphuric acid, and sufficient water is 
run in to keep the acid in the condensing tanks at this strengtli. 
The reason for using strong acid as the condensing liquor is 
that sulphur trioxido in this fog-like state reacts very slowly 
both with dilute acid and with water. Tlie great advantage of 
this method lies in its cheapness and in the purity of tlic acid 
obtained. 

The Chamber Process.—In 1740 Ward prepared suljdiuric 
acid commercially from sulphur, nitre and water, but it was not 
till 1793 that the process was made continuous, and a method 
evolved essentially similar to that at present in vogue. In this 
process the slow oxidation of sulphur dioxide to sulphuric acid 
is accelerated by the catalytic activity of the oxides of nitrogen. 
In the presence of the oxides of nitrogen the oxidation of sulphur 
dioxide to the trio.xide proceeds rapidly, the oxides of nitrogen 
suffering a rwluction to lower oxides. These lower oxides of 
nitrogen are immediately reconverted into the higher oxides by 
the oxygen, and the cycle is ready to begin anew. Theoretically 
tlie catalyst should bo able to oxidise an unlimited amount 
of sulphur dioxide; practically, however, appreciable los-ses 
occur through various side-reactions, and thi.s steady lo.ss of a 
valuable catalyst forms one of the main drawbacks of this 
method. 

The chemistry of the process can be effectively reproduced on a 
small scale in the apparatus figured on p. 240. 

Into the holder A is first delivered a quantity of oxygen through 
the drying bottle B, and sufficient nitric oxide is then admitted 
to form deep red fumes of nitrogen peroxide (q.v.). Simultane¬ 
ously, suljihur dioxide is admitted through the drying bottle C. 
A small quantity of moisture is introduced into the reaction 
flask by bubbling a little oxygen through the flask D filled with 
boiling water. White crystab soon begin to form on the surface 
of the flask A and rapidly spread over the whole suilace. If tlie 
gases still present in A are now swept out by means of a stream 
of oxygen delivered through one of the drying bottles until the 
contents of the flask appear quite colourless, and then a little 
steam introduced into A from the boiling flask, the chamber 
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crystals at once licpicfy and the gavses in A once more become a 
deep I)ro\vn. The reaction leading to the formation of the white 
crystals is re])resentcd by the equation : 

OH 

2SOi + 3X0, + H,0^ 2S0, + NO 

\0.N0 

The nitro- or nitrosyl- sulphuric acid reacts with water thus : 

/OH /OH 

2S0j H-H,0 -> 2S0, +NO+NO,. 

\0,N0 \0H 

The oxygen present immediately oxidises the nitric oxide (NO) 


O 



C B 


Fio. 78. 

to the peroxide (NO,), and the cycle is ready to begin again so 
soon as a fresh supply of sulphur dioxide is introduced. 

Although in practice nitrosyl-sulphuric acid is not allowed to 
separate out, there seems little doubt that the part played in the 
above apparatus by the nitrogen oxides is essentially the same 
as in the actual manufacturing process. Owing to the excess of 
water present, the actions involved are: 
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SO, + NO, + H,0- 
2N0 4-0,->2N0, 


HjSO.-f NO 


The Chamber Acid Plant.—In the plant the sulphur dioxide is 
made by burning sulphur or hydrogen sulphide or by roasting- 
iron pyrites in a current of air. The oxides of nitrogen arS 
denyed from nitric acid vapour, obtained by the action of 
sulphunc acid upon sodium nitrate : 


NaNO, + NaHSO. + HXO,. 

The initial reaction between sulphur dioxide and the nitric 
acid IS represented by the equation, 

211X0, -{-2SO, + HsO—>2H3S0. + NO + NO, 

and after that the oxides of nitrogen take up their role of 
catalyst. Small quantities of nitric acid vapour are continually 
intnyliiced into the reaction chambers in order to make gootl 
any losses of the catalyst during the operation. This loss arises 
very larply from the reeJuction of the nitric oxide to nitrous 
oxide (N,0), which play.s no further part in the reaction, and 
ultimately escapes from the system. 

The hot gases, consisting of air and sulphur dioxide, are made 
to pass up a tower—the Glover /oiier—packed with tiles, over 
which tncklt^s a diluted acid made from the weak chamber acid 
and the nitrated acid from the Gay Lussac tower {q.v.). This 
weak acid with the oxides of nitrogen in solution is deprived of 
these oxides by the incoming hot gases, and at the same time 
tlie percolating acid is considerably concentrated during its 
passage dowm the tower. Before the acid reaches the foot of 

the Glover tower, it is completely denitrated, and is sufliciently 

strong to be used again in the Gay Lussac tower for the recovery 
of the oxides of nitrogen. 

The mixture of air, sulphur dioxide and the oxides of nitrogen 
IS swept out of the Glover tower into a series of leaden chambers 
into which steam is blo\vn. Here the reactions which lead to 
the formation of sulphuric acid actually take place. The 
diluted acid coUccts on the floor of the chamber, and is drawn 
off as required. This chamber acid has a strength from 60-70 
per cent, and, although ready for use in a few industries such as 
the manufacture of superphosphates, it requires considerable 
concentration before it is available for industry in general. The 
concentration of the chamber acid is effected either in the 

B 
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Glover tower or in leaden i)ans. In tliis way it can be concen¬ 
trated lip to 78 jier cent. (sp. gr. 1-7). Fnrllier concentration 
must l>c carried out in glass, quartz or platinum vessels. 

'riie gases issuing from the lead chambers contain the valuable 
catalyst—the oxides of nitrogen. These are recovered by 
making the issuing gases pass up the Gmj Lussa^i tower. This 
is jiaeked with coke or tiles over which concentrated sulphuric 
acid trickles. The nitrous fumes dissolve in the acid, forming 
nitrosyl-sulphuric acid, and this nitrated acid is then mixed 
with the more dilute chamber acid, and pumped to the top of 
the Glover tower for use in nitrating the incoming gases. The 
following diagram gives a representation of a chamber acid 
plant. 



Fro. 79. 


Occasionally, the nitric acid necessary to compensate for the 
loss during the process is introduced into the top of the Glover 
tower, instead of being generated in retorts placed in the flues 
of the pyritc burners. 

Modern Improvements in the Chamber Process.— 
During recent years attempts have been made to dispense with 
the leaden chambers by causing the whole of the oxidation of 
sulphur dioxide into the trioxidc to be effected in towers down 
which pours sulphuric acid containing dissolved oxides of nitro¬ 
gen. The general principle of such a process is that a series 
of Glover towers is constructed down which the nitrating acid 
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poure During the passage through these towers the sulphur 
dioxide undergoes oxidation into sulphuric acid. This oxidation 
takes place very rapidly owing to the high concentration of the 
nitrogen oxides dissolved in the acid. The gases escape from the 
Glover towers into a series of Gay Lussac towers in which the 
oxides of nitrogen arc again removed. By carrying out the 
oxidation in the liquid phase instead of in the gaseous, as in the 
Chamber process, a tremendous reduction in ground space and 
running costs can be effected, while from the purely chemical 
standpoint the method is a big advance on the old Chamber 
process. Provided the acid required is not stronger than 9a 
percent., this new process is probably the most efficient known. 

Impurities present in Commercial Sulphuric Acid.— 
Commercial sulphuric acid, prepared by the Chamber process, 
contains numerous impurities, amongst the most important of 
which are carbonaceous matter, oxides of nitrogen, arsenic (from 
the pyrites), sulphur dioxide, and lead siiljihatc. Tlie last men¬ 
tioned compound remains in solution so long as the acid is 
concentrated, but on dilution separates out. As a source of 
pure sulphuric acid, this method of manufacture has been 
practically sujicrseded by the Contact process. 

Physical Properties.—A considerable evolution of heat 
occurs when sulphuric acid is mixed with water, and at the same 
time a very considerable contraction in volume is noticed. 
Owing to the great heat generatesi on mixing this acid with 
water, it is always advisable to pour the acid into the water with 
constant stirring. Pure sulphuric acid has a sp. gr. 1*85 at 15“* 
At temperatures above 150“ the acid fumes freely, giving off 
sulphur trioxide. A mixture of 98 i>er cent, sulphuric acid and 
2 per cent, of water distils unchanged at 320“. Acids of greater 
strength than this undergo partial decomposition until the 
comiKisition falls to 98 per cent., at \?hich temperature the 
residue distils unchanged. 

Chemical Properties.—Tlie chemical properties of pure 
suliihuric acid differ very appreciably from those of aqueous 
^lutions. The pure acid is by no means stable, dissociating 
into sulphur trioxido and water at temperatures far below the 
boiling point. At 450“ the dissociation is complete, as is shown 
by the determination of the vapour density. The anhydrous acid 
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(HjO.SOa), owing to its instability and its high oxygen content, 
is a powerful oxidising agent. This is exemplified by its beha¬ 
viour wiieii treated with carbon, copper, hydrogen bromide, 
hydrogen iodide and h 3 'drogen sulphide (q.v.). Dilute aqueous 
solutions of sulphuric acid do not exhibit oxidising power. 
When suljjhuric acid is added to the salts of other acids, a double 
interchange occurs, 

NaCl + H^SO^ ^ NaHSO* + HCl 
NaNOa + ^ NaHSO, + HNO, 

and an equilibrium is set up, provided that the products of the 
interchange are not allowed to escape. On the other hand, if 
the acid set free by the sulphuric acid is of a volatile nature, e.g. 
nitric or hydrochloric acid, and therefore capable of separation 
from the non-volatilc suljdiuric acid, we have at hand a ready 
and cheap method for setting free such an acid from its salt. 

Sulj)liuric acid has a great afiinity for water. For this reason 
it is frequently made u.se of as a drying agent. Several hydrates 
of sulphuric acid have been isolated, of which may be mentioned 
the monohydratc, H 2 S 04 ,H 20 (melting point 8®), and the 
tetrah 3 'dratc, H 2 S 04 , 4 Ha 0 (melting point —25°). This great 
affinity of sulphuric acid for water is shown by its power of 
abstracting the elements of water from many organic com¬ 
pounds. Cane sugar, if moistened with concentrated sulphuric 
acid, rapidly becomes brown, and finally froths up into a carbon¬ 
aceous mass. So, also, paper and wood arc charred by the action 
of sulphuric acid. The use of sulphuric acid in the manufac¬ 
ture of nitro-gl^’ccrine and guncotton {q.v.) is based upon this 
dehydrating action of sulphuric acid. 

When added to a soluble salt of barium, sulphuric acid gives 
a heavy, white, crystalline precipitate of barium sulphate, thwZ- 
uhle in hydrochloric acid (distinction from sulphurous acid). 
This test is used largely both in qualitative and in quantitative 
analysis. 

BaCl 2 + H 2 SO 4 BaS 04 'I' + 2HC1. 

Being a dibasic acid, sulphuric acid gives rise to two scries of 
salts—the normal sulphates and the acid or bi-sulphates. The 
acid sulphates are obtained by adding half the quantity of 
base required for complete neutralisation. 

H^SO.+NaOH—^NaHS 04 -fH 20 , 

with subsequent evaporation to expel the water; also by the 
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action of sulphuric acid upon the salt of another acid, provided 
the temperature is kept low. 

NaCl + NaHSO. + HCI. 

formal sulphates are obtained : 

1. By the complete neutralisation of the acid by a base. 

HjSO,+2NaOH^Na,SO.-l-2HjO. 

Ca(OH)j + H,SO.-^CaSO. +2HjO. 

2. By the action of the acid sulphate umn a salt at a hinh 

temperature. ^ 

NaNO, +NaHS 0 .->Na,S 04 + HN0,. 

3. By the interaction of a metalUc o.\ido with sulphur tri- 
oxide. 

4. By the oxidation of a sulphide or sulphite. 

2Na jSO, + 0 ,-> 2 Na^S 04 

CuSd- 20 ,-^CuS 04 . 

Dio sulphates of the heavy metals (e.g. FeSO*) decompose on 
heating, forming metallic oxides and sotting free sulphur trioxide. 
The sulphates of the alkalies (e.g. sodium) and of the alkaline 
earth elements (e.g. calcium) are stable towards heat. 

Constitution of Sulphuric Acid.-Tlio formation of eul- 
phuric acid from its anhydride, sulphur trioxide, suggests that 
the linking in the molecules of the trioxido and of sulphuric acid 
is the same. In sulphur trioxido there is no reason for assigning 
anything but a symmetrical formula to the molecule, and, 
arguing from the established hexavalency in sulphur hexa¬ 
fluoride, SF,, we assign tho formula 


0 



to tho molecule of sulphur trioxido. Sulphuric acid is derived 
from sulphur trioxide by tho addition of a molecule of water. 

If we retain the hexavalency of tho sulphur atom, this would 
lead to the formula 


0 OH 
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Strong support to tljis constitution is furnished by the liydrotysis 
of sidjihuri/l cJdoriilc, SOjC’I,. This substance is formed by the 
direct combination in sunlight of sulj)l»ur dioxide and chlorine 
under the catalytic action of camphor. 



The chlorine atoms may be separately replaced by the cautious 
a<ldition of water. The first acticin is to form chi or o-sulphuric 
acid, whicli acid may also bo formed by the direct action of 
sulphur trioxide upon hydrogen chloride. 


0^ 'Cl 


O Cl HOH O OH 

+ -> >S< + HCl 

O' ^C1 

Chloro-s\ilphuric nciil, 

Further hydrolysis leads to the formation of sulphuric acid. 

O, Cl non 0 OH 

>s<( + Ss/ + 2HC1 

\ /“ll TT^^TT > 


o 


Cl 


HOH 


O 


OH 


In this reaction the not unlikely assumption is made that 
the hydroxyl radicles take the place of the chlorine atoms which 
they displace. 

A'o/c.—Alternative formnl.T, see Chapter NLI. 


PvRosui.rm UK’ ou DisiiLPuruic Aein 


When an acid sulphate is heated, 
pyro-sulphate is formed. 


water is eliminated and a 


2 NaIl« 04 -H, 0 ^ Na^SA- 

On solution in water the pyrosulphatos reform tho acid sul¬ 
phates—hence it is clear that the pyrosulphatos and the sulphates 
differ only in the degree of liydration. This is further brought 
out by a consideration of the properties of disulphuric acid. 
This is readily formed by passing sulphur trioxidc into sulphuric 
acid, H;S 04 d-S 03 —^-HjSaO,, or by the addition of sulphuric 
acid to a pyrosulphatc. 

Various mixtures of disulphuric acid and sulphuric acid are 
on the market. Sulphuric acid, containing 80 per cent, of 
disulphuric acid, is known as oleum, and is used extensively in 
chemical industry. If tho disulphuric acid content falls below 
iO-20 per cent., it is known as fuming sulphuric acid. On 
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cooling either oleum or fuming sulphuric acid, crystals of 
disulphuric acid, H.SjO;, separate out. 

The behaviour and properties of disulphuric acid leave little 
doubt that it i.s derived from the condensation of two molecules 
of sulphuric acid with the elimination of one molecule of water 



SO,-OH 

I 

0 

I 

so,-OH 


+ H,0 


It is of the same stage of oxidation ns sulphuric acid, and 
differs merely in the degree of hydration. 


Sulphur Heptoxide and Persulphuric Acid 


When a mixture of sulphur dioxide and oxygen is exposed to 
a silent electrical discharg(?, drops of an oily liquid appear. The 
analysis of the liquid points to the comjKjsition as being 8,0,— 
sulphur heptoxide. The oxide is somewhat unstable, tending 
to pa.ss into the trioxide and oxygen. It dissolves in water with 
a hissing noise, forming a solution of persul 2 )huric acid. 

sa+h,o-^h,sa 

Persulphuric acid may also be made by the action of concen¬ 
trated sulphuric acid upon a well cooled solution of hydrogen 
peroxide. The electrolysis of concentrated sulphuric acid also 
leads to the production of persulphuric acid. The cell should 
be kept well cooled, and the anode should consist of a small 
platinum wire. The solution of persulphuric acid is very 
unstable, and slowly evolves oxygen. It is therefore an active 
oxidising agent. 


Persulphates.—The perBuIphates of the alkalies arc easily 
obtained by the electrolysis of the acid sulphates, e.g. KHSO,. 
If the anode is of small area and the cell is kept well cooled, 
white crystals of potassium persulphate, KjSA, separate out. 
The small anode promotes the crowding together of the HSO, 
groups which are discharged at that electrode. These HSO 4 
radicles combine at the moment of liberation to form mole¬ 
cules of pcrBuli)huric acid, which at once react with potassium 
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bisulphrttc in solution and crystals of the somewhat insoluble 
potassium persulphate separate from the solution. 

The solid persulphates arc moderately stable, but decompose 
on heating into pyrosulpliato and oxygen. 

2K2S,Os->2KaSA + 0,. 

They oxidise iodides to iodine, iodine to iodic acid, and salts 
of manganese and cobalt to the higher oxide. Most of the per¬ 
sulphates, including barium, are soluble. They find commercial 
application in photography. 


Sulphur Sesquioxide.—Hvposulphurous Acid 

The direct union of sulphur and sulphur trioxide leads to the 
formation of sulphur sesquioxide. On solution of the sesqui- 
oxide hyposul]ihurou8 acid is not formed, but decomposition 
into sulphur, sulphuric acid and sulphurous acid occurs. Zinc 
hyposulphite is formed by the action of zinc on an aqueous 
solution of sulphur dioxide. Zn+ 2 H 2 S 03 ^ZnSj 04 + 2 Hs 0 . 

By using zinc and a solution of sodium bisulphite saturated 
with suli)hur dioxide, the sodium salt is obtained. The acid 
itself is only known in aqueous solution. It absorbs oxygen 
very freely from the air and is a strong reducing agent—hence 
the application of sodium hyposulphite in the indigo industry. 
Insoluble blue indigo is reduced by the hyposulphite to indigo 
white, which is soluble, and therefore able to find its way com¬ 
pletely through a fabric. On exposure to air, the indigo white 
is re-oxidised and insoluble blue indigo separates out throughout 
the fibre. Sodium hyposulphite in alkaline solution is also used 
for absorbing oxygen from gaseous mixtures. So strong is its 
reducing action that a solution of copper sulphate is reduced to 
copper hydride (c£. hypophosphite). 

Tliere is still doubt as to the formula of hyposulphurous acid, 
but the consensus of opinion points to the formula HaSjO*. 

Thiosulphuric Acid 

A solution of sodium sulphite, on digestion with finely divided 
sulphur, forms sodium thiosulphate, Na^Oj-t-S—>-NaaS,Oj. 
This reaction is very much akin to the oxidation of 
sodium sulphite to sulphate by oxygen, Na^SOa+O—^-NajSOi 
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—hence the use of the term thio- or sulpho-sulphatc. This 
resemblance in the behaviour of sulphur and oxvRcn has already 
been met with in the compounds HjO, HjS; HjOj, HjSj. 

Sodium thiosulphate is also formed by the action of sulphur 
dioxide upon sodium sulphide. The reaction appears to take 
place in three steps in accordance with the eijuations 

Na^ + SO, + H,O^Na,SO, + H,S 

2H,S + S0,->2H20+3S 

with subsequent interaction between the sulphur and the sul¬ 
phite formed in the first stage. 

The addition of an acid to a solution of sodium thiosulphate 
sets free thiosulphuric acid, but this unstable acid soon decom- 
j)o.ses, liberating sulphur dioxide and sulphur. 

Na,S,0,4* 2HC1^ H,S ,03 + 2NaCl 
H,S,03-> HjSO, -f S ^ H ,0 + SO, + S. 

The sulphur does not at once make its appearance, owing, 
probably, to a state of supersaturation having set in. Even 
weak carbonic acid of the atmo.sphere causes slight decomposi¬ 
tion of a solution of a thiosulphate. As the action of an acid 
upon a thiosulphate is reversible, the preliminary addition of a 
little sulphite drives the reaction to the left, i.e. the decomposi¬ 
tion of the thiosulphate U prevented. 

Sodium thiosulpliate, commonly known as hyposulphite of 
soda, or hrjpo, is used in photography for fixing negatives. Its 
action is to dissolve off the sensitised plate any unrcacted silver 
halide left there by the developer. 

Na,S,0, + AgClNaCI -f NaAgS,0,. 

Solutions of iodine arc readily reduced by a thiosulphate, forming 
sodium tetra-thionate. 

2Na,S,0, +I,^2NaI d-Na^SA. 

The reaction is frequently made use of in estimating the amount 
of iodine present in a solution. The above equation forms the 
basis of iodimeiry or titration with solutions of iodine. 

The reaction between chlorine and thiosulphate follows a 
different path from the above. 

4C1,+ Na,S,0, 4 - 5 H, 0 ->Na,S 04 H-H^SO*+ 8HCI. 

Owing to the large amount of chlorine which one gram molecule 
of sodium thiosulphate can remove, this salt is utilised freely in 
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the Itloncliing industry for removing traces of chlorine from 
hleaehed fahrie.s— hence the name antichlor. 

'I hiosnlphuiic acid is a dibasic acid, but doubt exists as to 
uhich of the two formuho eorrectly represents its constitution; 

O. 0-H O SH 

^O—H \)H 


PoLYTHioN'ic Acids 

Dithionic Acid is prepared by tlic action of sulphur dioxide 
U]M)n manganese dioxide suspended in water. 

Mn02 + 2S02->MnSA. 

The barium salt is formed by treatment with barium hydroxide, 

and to tliis is then added the equivalent quantity ofsulphuric 
acid. 

PaS A + HjSO.^ H,S A + BaSO, i . 

It is also made by the action of iodine upon sodium sulphite. 

2 Na 2 S 03 + 21 ^ Na^S A + 2NaI. 

Trithionic Acid.—The potassium salt is most readily 
obtained by the action of sulphur dioxide upon potassium 
thiosulphate. 

2K„S^03 + 3SO,-^S + 2 K 2 S 3 O 0 , 

the acid being set free by the aid of hydrofluosilicic acid (H^SiFo) 
upon the potassium salt. 

Tctrathionic Acid.—The sodium salt is formed by the action 
of iodine upon sodium thiosulphate. The acid is tlion set free 
by the addition of dilute sulphuric acid to the sodium salt. 

Pentathionic Acid is obtained by passing hydrogen sulphide 
into a strong aqueous solution of sulphur dioxide. 

5HSO, + 5 H 3 S—^^HjSA + 5S + 9H,0. 

All the polythionic acids are unstable in aqueous solution, 
though their salts appear fairly stable. Totrathionic acid is the 
most stable of the series. 


Selenium and Tellurium 

Closely associated with sulphur is the element selenium. 
Native sulphur and pyrites both frequently contain selenium. 
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Two allotropic forms of the element are known, the red preci¬ 
pitated variety amorphous and soluble in carbon disulphide, 
and the lead grey, semi-metallic variety obtained by cooling 
molten selenium. This is the form in which it is used in the 
selenium light-sensitive cells. Tellurium is generally found 
associated with gold or silver. Several allotropic modifications 
of tellurium are known. 

The chemical properties of the compounds of sulphur 
(A.W. 32), selenium (AAV. 79-2), and tellurium (AAV. 127-5) 
show the same gradation as has been stressed in the case of the 
halogen group of elements. All the elements form hydrides 
IIjS, HiSe, HjTe, and as in the case of the halogens, these 
hydrides decrease in stability as the atomic weight increases. 
They are all formed by corresponding methods. 

FeSo +2HCl->H2Se+FcCU 
FcTc + 2HCI H Jo -f FeCl j. 

All the elements form dioxides on burning—SOj, SeOi, TeOj. 
The dioxides all dis.solvo in water, forming the -ous acids, 
HjSOa, HjSeOa, HJeOj. Tlu^se are all strong re<lucing agents. 
So unstable a compound is sclcnious acid that sulphurous acid 
is able to rctluce it to metallic selenium. 

2 HjS 03 -f HiSc 03->2H,S04 + HjO -hSc. 

Selenium dioxide and tellurium dioxide are also obtained by 
oxidising the clement with nitric acid. In all cases the -ous 
acid is capable of being oxidised to the -ic form, but scleniou.s 
acid requires the most powerful oxidising agents at our disposal 
to oxidise it to the -ic stage. Sclcnic acid itself is a powerful 
oxidising agent (cf. HjSO*), and will dissolve even gold. 

H ,Se 04 + 2HC1 ^ H ,SeO, + H ,0 + Cl,. 

Telluric acid is formed from tellurous acid by the action of 
chromic acid, and is readily dehydrated by heat, forming 
telluric oxide. The sulphates, selenates and tclluratcs aro 
iaomorphous. An aqueous solution of sclenic acid is a very 
weak acid, whilst telluric acid is so weakly acidic that it does 

not affect litmus. 

The Oxygen Family of Elements 

The elements oxygen, sulphur, selenium and tellurium form 
a group of elements extremely analogous to the halogen group. 
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In this case, liowcvor. oxgycn stands somewhat apart. All the 
elements form hydrides, the stability and ph3’sical properties of 
whieh show’ a similar cliange witli increasing atomic weight as 
do the elements tliemsclvcs. ’ 


TABLE 2.5 

PuorEitTies OP the OxYoE.N’-Sar.pneR Family 



Oxyc*'ii. 


Solf'njiim. 

Tclliulum. 

Atomic 
Boiling 
Sp. ^r. 
Colour 

WOIRllt. 

pOHlt.. 

(soliil). 

of solid. 

10 

-183° ' 
1 43 

[*alo bluo 

32 

448® 

2 

Yellow 

70 

688° 

4-3 4-8 
Reddish 

127 

1390° 

f)-9-6-2 

Block 


PaorEUTiEs OP the IIydrioes or the Group. 


Fomula. 

lioMJn:* \Ki\nU 

Sp. gr. 

DUvxlntloa 

U*ii>pent lire. 

IT.O 

1 

100° 

I 

1800° 


1 J oS 

—01 8° 

1 17 

400° 


lI^So 

_42° 

2 81 

100° 

1 I 

H,To 

0° 

4-48 

0° 

• 

O 

CO *0 


All the elements are divalent in the hydride, but form oxides 
m whicli they are either tetravalent or hexavalcnt. 



TIio following changes in the properties with increasing atomic 
weight of the element should be noted, and compared with the 
corresponding behaviour of the halogen family (p. 172). 

1. The increase in the specific gravity of the element. 

2. The change in the colour of the element. 

3. The increase in the boiling point. 

4. The decrease in the stability of the hydrides. 

6, The decrease in the affinity for hydrogen. 

/ decreasing affinity for o.xygen shown by the elements 

(cf. the comparative ease with which sulphur dioxide is oxidised 
with the difficulty with which tellurium dioxide is oxidised), 
fco far as the affimty for oxygen is concerned, the group behaves 
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in a manner directly opposite to what has been noted for the 
halogen group, but in all other cases a striking parallelism is 

noticeable. 


Questions 


1. Give a comparative account of the more important compounds of 

selenium and tellurium and compare thorn with the corresponding com¬ 
pounds of sulphur. . , , « . . 

2. Give an occount of the fundamental pnnciples of the Contact process 

for manufacturing sulphuric acid. , u i / \ 

3. Give examples of reactions m which sulphur dioxide behaves (a) 
08 a reducing agent, (6) as an oxidising agent. What reaction would 
you expect to occur when chlorine is bubbled through an aqueous solution 

of sulphur dioxide. » , v • . 

4. Show how you would carry out tho conversion of sulpmur into (ol 

sodium sulphite, (6) soriium bisulphite, (c) sodium thiosulphato. 

5. Explain why sulphuric acid is frequently used for tho commercial 
manufacture of hydrochloric and nitric acids. 

0. Discuss tho chemistry of the Chamber proems. 

7. Whot grounds has tfie chemist for attributing to sulphurous and 
sulphuric ocids tho constitution indicaUnl in the formulie— 



^*^^ive'an^account of the preparation and properties of tho persulphotos. 
Why arc these substances more vigorous oxidising agents than the 

Bulphate-s ? . . » • i • • i 

‘J. Write equations illustrating tho oxidising action of sulphuric acid. 

10. Compare tho reaction between an oqueous solution of sodium 
thiosulphato and (a) clilorino, (6) bromine, (c) iodine. 

11. Give a complete interpretation of tho <K|uation— 

2H,S + 30, 2H,0 + 2S0,. 

12 2-9875 gm. of a certain substance contain -3000 gm. of carbon 
•0250 gm of hydrogen, and 2 0625 gm. of chlorine. It is also found that 
•25 gm. occupies 631 c.c. at 80* C. and 750 mm. pressure. Find tho true 

molecular weight. (Cl.=35-5, H = l, C = I2.) 

Give a concise but cUar account of the various fundomeDUl laws involved 

in this problem. 



CHAPTER XVII 


THE CLASSIFICATION OF THE ELEMENTS. THE 

PERIODIC LAW 

In dealing with the elements in tlie lialogen group as well as 
in the oxygen-sulphur group, attention has been called to the 
striking similarity in the chemical and physical properties dis- 
j)layed by the elements in each of these groups. In nearly every 
case, as we pass from the clement of lowest to the clement of 
highest atomic weight in the.se groups, a j^erfectly regular change 
in each chemical and physical i)ropcrty is brought out. To a 
student who has intelligently mastered the chemistry of chlorine 
the properties of bromine ami iodine are almost self-evident. 
The question at once suggests itself to the thoughtful seeker 
after truth as to whether other elements can be grouped into 
families, and if so, is there any guiding principle which enables 
the chemist to sort out the elements into groups or families of 
related elements ? This is one of the questions which have 
excrci.sed the minds of the chemists during the past century. 
O. W. Holmes has stated : “ One storey intellects, two storey 
intellects, three storey intellects with skylights. All fact collec¬ 
tors who have no aim beyond their facts are one storey men. 
Two storey men compare, reason, generalise, using the labours 
of the fact collectors as well as their own. Three storey men 
idealise, imagine, predict, their best illumination is from above, 
through the skylight.” It is to the two-storey and three-storey 
intellects that chemistry is indebted for such great generalisa¬ 
tions as the Periodic Law. 

Many attempts at a classification of t^e elements have been 
^mado in the past, based sometimes upon valency, sometimes 
upon the basic or acidic nature of the element and so on, but the 
first great advance was made by J. W. Dobereiner (1829). 
This chemist was the first to draw attention to the fact that most 
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of the chcmicaUy related elements exhibited a constant atomic 
weight (iron, nickel, cobalt), or showed a coi\stant difference 
between neiglibouring pairs of elements. 


Cl 

35 

Ca 

40 

S 

32 

1 



45 ' 


47 


47 

Br 

80 

Sr 

87 

Sd 

79 




47 


60 


48 

I 

127 

Ba 

137 

To 

127 



Although Dobereiner’s triads fixed the attention of chemists 
upon the possibility that atomic weight and similarity in chemical 
properties were closely inter-related, the law, of which Dobe- 
reiner’s Triads is but a necessary consequence, still eluded 
discovery. 

In 18C3-18G6 Newlands drew attention to a suggestive 
regularity when the elements are arranged in the order of their 
atomic weights. Every element was found to bear a surprising 
resemblance to the eighth element preceding or following it. 


Li 

Bo 

B 

C 

N 

0 

F 

7 

9 

11 

12 

14 

16 

19 

Na 

Mg 

A1 

Si 

P 

S 

a 

23 

24 

27 

28 

31 

32 

35 


TIiU peculiar relationship was called by Newlands the Law of 
Octaves. Owing to faulty atomic weights at that time in use, 
numerous important exceptions to the generalisation of New- 
lands stood out, and, as a result, his law soon ceased to attract 
attention. 

Three years later, Mendel^eff (18C9) and Lothar Meyer quite 
independently put forward a method of classific^ion which is 
substantially that in vogue at the present tim* Mendcl^ff 
pointed out that, if the elements were arranged in order of their 
atomic weights, a kind of periodicity in their properties became 
evident, i.o. the properties of the elements are a periodic 
function of their atomic weights. Such properties as valence, 
8})ecific gravity, colour, atomic volume (volume in c.c. occupied 
by the gram atomic weight), compressibility, conductivity, etc., all 
proved to be periodic functions of the atomic weights of the 
elements. 




Atomic Weight 

Fio. 80. 





















The Periodic Table 
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Tl»c* on p. 257 is, porliaps, the most useful method of 

nrfan^inj» tlie elements in <)r(ler to bring out the periodicity of 
tl»(‘ir elH'rnieal properties. Kaeli short jH*riod in this table con¬ 
tains eight elinnents, and each long period eighteen elements, 
i.o. a sliort period of eight elements connected by a transition 
grouj> of three elements with a short period of seven. The 
transition or britlgo elements have atomic weights lying close 
together, and fit in between the strongly electropositive halogen 
family and tiie strongly electronegative alkali family.* Many 
gaps are found to occur in the long series, though more than 
one gap has been filled since the table was first suggested, 
riius, in 18()1) three gaps existed in the third series—scandium, 
gallium, and germanium. 

'fhe vcTtical columns in the table arc referred to as groups, 
and it is at once seen that all elements which are closely related 
fall into the same group. 

Periodicity of Chemical Properties.—If the series Ne. Na, 
Mg. Al. Si, P, S, Cl is taken os an example, it is found that both 
the vali'iioo towards oxygen and that tow'ards hydrogen vary 
in a n'gular way. The gas neon does not combine witli oxygen, 
Na forms the oxide Na;0, magnesium gives MgO, aluminium 
Ai, 03 , silicon SiO^ (ie. Si^OJ. pliosphorus PjO*. sulphur S0„ 
chlorine ClaO:, i.c. the oxygen valence rises steadily from 0 to 7 
to drop suddenly back to zero as we pass from chlorine to argon 
in the next scries. 

The valence towards hydrogen rises steadily from zero to a 
maximum of four for .silicon, thence falling regularly to one for 
elilorine. The valence towards chlorine shows a somewhat simi¬ 
lar change. In general, we have : 

I 

01 23456 78 

— MH MHa MH 3 Mil* MH 3 MH, MH — 

— MCI MCU MCI 3 MCI* MCI 5 MCI, - MCI* 

The hydroxyl valence can be examined from two points of view. 

• Note. —TIjo modern motfiod of referring to the alkalies na 
negative, the halogens os electropositive, has been adopted. For reMO 
for departing from the old convention the student ahoula co 
Chapter xxx. 
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° - 3 4 5 G 7 8 

- MOII M(OH), M(OH), M(OH). M(OnL M(OH), M(OH)._ 

MO(OH)„ MO,(OJI), M0,(()'M) 

In the true ortlio-hydroxiile (for cxjilanation of the term ortlio- 

see I^-.o<ho Acids, p. 187), the number of hydroxyl groups is 

cqua to the number of tlie group to wl.ioh the element belon.-s 

I ract.cally however, the tendency to hold hydroxyl in combina' 

t.on stead.ly diminishes from the maximum vnlue‘4 for group 4 

Jrue ortho-phosidioric acid I>(OH), breaks down, passing into 

the so-called ortho-phosphoric acid I’OlOH),, whilst the true 

ortho-.sulphuric acid S(OH)„ passes into .SO.(OH),. In the 

seventh group CI(OH), breaks down into t’lO (OH) 

The ^eat regularity exhibited by the elements of the various 

groups m their valence relationships towards oxygen, hydrogen 

chlorine and hydroxyl is a weapon of extreme value to the student 

m mastering the chemical formula! of the many compounds 

(Itrned from the vanous elements. The student is warned 

against assuming tliat the compounds indicated above are the 

on y ones wluch an element can form. Katl.er, they reiirosent 

only the group compounds formed by the element ; copper, for 

example, falls into group one. Its chloride as such is CuCl but 

It aI..o forms the chloride CuCI, with a corresponding series of 
salts of other acids. 

The Transitional or Bridge Elements—The elements in 
the upjier octaves of the long scries show a much greater similarity 
than do the elements of the lower octave, i.e. pot.ussium and 
rul>idium are more closely related in chemical behaviour than 
are copper and silver, whilst a marked difference is noted in the 
properties of the corrcsjionding elements in the upiKT and tho 
lower octav&s, c.g. between potassium and copi>cr, calcium and 
/.me, cte. This IS, however, less to be wondered at, when it is 
remembered that we arc dealing with a series of eighteen elements. 
The properties m Senes 3 change steadily along the upiier octavo 
to manpnese, through tho transitional elements, iron, cobalt 
and nickel, to the lower octave, and so on to iodine. Copper 
IS thus seen to occupy a position midway between the strongly 

electro-negative metal, potassium, and the strongly electro- 
positivo non-metal, bromine. 

foUomng table (for which wo are indebted to Bayley 
1882), throws this fact into prominence. 



TABLE 27 
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Not only does this method of tabulating the elements cinphasiso 
the gradual change in the basic property of the oxide in passing 
from the strongly electro-negative alkalies to the strongly 
electro-positive halogens, but another equally important point 
is brought out. The short period elements are seen to be con¬ 
nected by two lines to elements in the long periods, a heavy line 
going from sodium to potassium, a light lino to copper. Tlie 
heavy line indicates that the element of the short period has a 
stronger kimship with the clement so connected than with the 
clement connected with the light lino. The groups lying to 
the left prove to Ik; the sub-groups A, while the sub-groujis B 
arc found to the right. Thus the elements, lithium-sodium, bear 
a stronger relationship to the element potassium, etc. (sub¬ 
group M) than to the elements of sub-grouj) IB (Cu, etc.). On 
tlic other hand, nitrogen-phosphorus arc akin to the elements 
of sub-group oB (As, etc.), oxygen-sulphur with sub-group 6B 
(So, etc.), fluorine-chlorine with sub-group 7B (Hr, etc.). Carbon- 
silicon, as is to be cxix'cted from its position in the middle of 
the table, oceuj)ies a strictly neutral position and may be classified 
equally well either witli sub-group 4A or 4B. 

The rare gases, helium, argon, etc., which have no tendency 
to combine witli any other element, are generally placed in 
Group O, and act as a break between the strongly electro positive 
halogen and the strongly electro-nogativo alkalies. 

If one considers the hydroxide series ; 

1 2 3 4 5 0 7 

M(OH) M(OII), M(0H)3 M(OH). MO(OII), MOjfOH),. MO,(OH) 

a marked change is noticed in the character of the hydroxide. 
All the hydroxides of group 1 are basic, whilst tho.se in group 7 
are equally strongly acidic. Oxides in the neighbourhood of 
group 4 arc generally noted for the absence of any marked acid 
or ba.sic behaviour {see Amphoteric Oxides, Chapter xxii.). 

This steady change in the properties of the hydroxide is also 
found in the oxide.s from which those hydroxides have been 
derived. We may therefore summarise by stating that as we 
pass from left to right in the table, there is a steady de¬ 
crease in the basic nature of the hydroxide (oxide) and a 
corresponding increase in the acidic properties of these 
compounds,^ So much for the variation of the basic and acidic 
behaviour for elements in the same horizontal series. 
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K 

Cu 

Kb 

Ag 

V'*5 

Au 


If att(“ntion is now fixed upon a group of elements, e.g. Group 
1 , it is found that the group readily subdivides into two : 

Li i Sub-group A contains the alkalies, lithium. 

Na sodium, j)otassium, rubidium and caesium; and 

into sub-group B fall the related elements copper, 
silver and gold. All the groups are capable of a 
similar subdivision, though in some cases the 
eh'inents in the short scries fall into sub-group 
B rather than into A, as in Group 6 . 

A study t)f the j)roperties of the elements in 
any sub-group, e.g. lithium, sodium, potassium, rubidium and 
caesium, .shows that as the atomic weight of the element 
increases, a steady increase in the basic nature of the oxide 
(hydroxide) sets in. So far as the groups 4, 5, 0, 7 arc concerned, 
the elements in these groups generally form acid oxides, so 
that it is j)erhaps more significant to state the generalisation 
thus : u'lf/t increasing atomic weight, the oxides of the ehments 
in an}! sub-group show a sUady increase in their basic properties 
or a steady decrease in their acidic properties. In speaking thus 
of the oxides and hydroxides of the elements it has hitherto 
been intended that the oxide common to the group is referred 
to, i.e. in Group 5 the oxides NjOs, R 2 O 5 , AsjOfi, Sb^Oj, Bi^O* 
show a decrease in their acidic properties. The above statement 
is, however, also true for any other group series of corresponding 
oxides, viz. N 2 O 3 , P 2 O 3 , AsgOj, Sb^O^, BijOj, the first of which 
is distinctly acidic, the last basic. 

The following tabic is of use in summarising the preceding 
statements: 

T.AIU.E 28 
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1 

:a 

^ Gn>iip 

1 

2 

3 

4 

5 

I 

c 

7 

8 

% 4 

A 

1 Oxlclo- . 

M,0 

M, 0 , 


M ,04 

MaO, 

M.Oa 

M, 0 , 

M, 0 . 




(MO) 


(MO,I 


(MO,) 



0 

Ilydrlilr-. 

MH 

Mila 

Mila 

MI1« 

Mila 

MH, 

MH 


E 

” ChlorMfl-. 

M(1 

Ml I, 

M<‘N 

Mt'l. 

MCI* 

MCI* 


MCI4 


S’ Hydroxide- 

MOII 

M(OH)a 

M(Oin, (O.MH>« 

MO(OH), 

MOa(OU), 

MOa(On) 

M(011)i 

s 

5 


I 

I ) I 

I I 

I I 




a 

% 


Ikisic HAturo of oxMo and hydroxHo sicMIly dimlnblioa 
Acidic nature of o\ido and hydroxide steadily Increases. 


Applications of the Periodic Law.—The Periodic Law has 
been of considerable value to the chemist in the following 
directions : 
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1. It has enabled him to estimate or correct the atomic weight 
of various elements, the atomic weight of which was not known 
with suflicient accuracy by the ordinary means. 

2. It has led to the prediction of new elements. 

3. It affords the only systematic classification of the elements. 

The gradation which has been found to occur wlien one passes 

from left to right along a series, as well as the gradation that 
occurs in a group of related elements, enables the chemist to 
correlate the properties of the elements in a manner entirely 
wanting until Mendelwff’s Periodic Law was put forward. The 
student has already seen how the chemistry of the halogens 
and of the sulphur group is simplified by studying as a whole 
the family to which thcise elements belong, and by noting the 
gradation in properties that occurs within a family or group as 
the atomic weiglit increases. Moreover, it affords us a nieans 
of predicting the properties of any one clement from a knowledge 
of the properties of its immediate neighbours in the table, indeed 
it enables us to predict the general proj)erties of a hole group 
of elements from a knowledge of its position in the table. 


The Estimation and Correction of Atomic Weights.— 
The two methods tliat arc most fre(juently called into use for 
the determination of the atomic weight after the chemical 
equivalent has been found, are : 

(а) the determination of the molecular weight of a large number 
of volatile compounds, 

(б) the determination of the specific heat of the clement. 

The first method is more frequently used in the ciise of the 

non-metals, the second for the metals. 

The evidence that has led up to the adoption of certain atomic 
weights has at times been very inconclusive owing to the practical 
difficulty of applying either of the above methods. The case 
of indium is just such a one. Its equivalent, as determined by 
Winkler, was 37-8. On the supposition that the element was 
divalent, the atomic weight was fi.xed at 37 8x2=75-G. The 
supposition of the divalence of the element was made upon the 
knowle-dgo of the properties displayed by the compounds of the 
element known at that time. The value 75*C brought the 
metal indium between the non-metals arsenic and selenium 
(As=75, Se=79)—an obvious misfit. Mcndeleeff suggested that 
the oxide bad the formula ln,0„ in which case the meUl would 
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fall into the aluminium group between cadmium and tin. The 
prediction was subsequently fulfilled l)y the determination of 
the specific heat of indium (0-057), whence the approximate 

G-4 

atomic wcight= =112-3, the correct atomic weight being 

0()o/ ® ° 

37-8x3-113-4. 

Similar alterations were suggested by Mendc-leeff for glueinura, 
uranium and some of the rare earths, and in all cases subsequent 
research has substantiated the prediction of Mendcleefl. 

The Prediction of New Elements.—When the table was 
originally drawn up by McndeleefT, in order that elements should 
fall into groups to which their properties entitled thorn to belong, 
it was necessary to insert in tlio table several gaps which 
Mcndelceff predicted would soon be filled by the discovery of 
now elements. Three of these unknown elements ho named 
eka-alnminium, cka-boron and cka-silicon. From a knowledge 
of the physical and chemical properties of the elements in the 
immediate neighhourhood of these gaps, ho was enabled to 
predict the proj)ertios of these still unknonm elements. As an 
example, the proj)erties of eka-alurninium (predicted in 1871) 
and gallium (discovered in 1875) are summarised. 


TABLE 29 


Eka-amtminium. 
Predicted 1871. 

Atomic weight, 69. 

Density, 6 9. 

Atomic volume, 1-17. 

Low melting point. 

Not readily oxidi.sed by air. 

Soluble in acids and alkulirs. 

Oxide, E1,03. 

Chloritlo, KljClfl. 

Would form potassium alum. 


Gaixium. 

DIscoven'd 1 875. 

Atomic weight, 69-9. 

Density, 5 93. 

Atomic volume, 1*18. 

M.p., 301*. 

Only superficially oxidised in air 
at a red heat. 

Soluble in hot hydrochloric acid 
null in potassium hydroxide. 
Oxido is Gftj03. 

Chloride, On,OI« or GaCl3 
Forms woll-dofinod alums. 


Exceptions to the Periodic Law.—Three cases occur where 
the recognised atomic weight of the element does not warrant 
the placing of the element in the position in which the chemical 
proi)crtic3 of the element demand tliat the element should bo 
placed. They arc argon (39-8S), nickel (58-68), tellurium (127'5). 
The atomic weight of argon, as at present known, exceeds that 
of potassium (39*10), but tho placing of argon after potassium 
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in the tabic would involve potassium falling into the helium or 
zero group, and the unreactivo argon under sodium. Nickel 
has an atomic weight somcuhat less than that of cobalt (.)S-U7), 
yet our knowledge of the chemical properties of iron, cobalt and 
nickel demands that cobalt should follow iron, not nickel. In 
the historic case of tellurium, repeated determinations of the 
atomic weight of this clement have failed to give an atomic 
weight less than that of iodine, though its great resemblance 
to selenium and sulphur demands its falling in the sixth group— 
before iodine. It is possible that finality in this matter has not 
yet been reached. Strong evidence of a physical nature points 
to the probability that the atomic weight of nickel is not yet 
known with accuracy, and that it must possess an atomic weight 
greater than cobalt. So far, however, the re-determination of 
the atomic weight of nickel has only confirmed tlie earlier values. 
The bearing of recent radioactive investigations upon this subject, 
as affording a possible explanation of the anomalous position of 
argon, nickel and tellurium will be discussed in the chapter 
dealing with radio-active change and the structure of the atom. 

The Position of Hydrogen.—On this subject the opinion of 
chemists is divided. Some favour its being placed at the head 
of the alkalies, others at the head of the halogen family. On 
the one hand it can replace the alkali elements from their 
compounds, whilst in other compounds (organic) it can be 
replaced by the halogens. The evidence on neither side is 

sufficiently strong to decide the question. 

—Tlu^ student is referred to Chapt<*r \LI for the treat¬ 
ment of Atomic Number and its relation to the Periodic Law, 
likewise for the aiijilieation of electronic valence to this law. 


Questions 

1. "Tho properties of the elements iiro o porioflic function of their 

2. Show how tho periexlicity of tho chcmirol i)roportn>a of the elements 

IB tin aid to their cloBi^ification. \ • t 

3. Show liow tho properties of Iho oxides of tho olcmcnts may bo mferroU 

from tho position of tho olement in tho Periodic 

4. Discuss tho position of tho roro giwcs in tho I enodio 

6. Discuss tho justincation for including copier and silver in Iho same 

^T'gWo u'gemS'iwcount of tho chemistry of orseniefrmn « 

of tho proiH-rties of the olomonts surrounding iv m tho lenodic lublo. 
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NITROGEN—ATMOSPHERIC AIR—THE RARE 

GASES 

Nitrogen 

History.—Several scientists contributed towards the dis¬ 
covery of nitroj^en in air, tliough it was left to Rutlicrford 
(1772) to isolate the new element. Ho removed oxygen from 
the air burning phosphorus, charcoal, etc., the gases produced 
by the combustion being removed by the action of dilute 
potassium liydroxide. Tlie gas obtained in this way was at 
lirst known as mephitic air, a name afterwards altered to azote 
by Lavoisier to denote its inability to support life. The name 
nitrogen, or nitre-producer, was suggested by Chaptal owing 
to the element being a constituent of nitre. 

Occurrence,—In the free state nitrogen constitutes about 
four-fifths of the earth’s atmosphere. From spectroscopic 
observ'utions it has been concluded that nitrogen also occurs 
free in certain nebuK'c. In combination it is found extensively 
in the form of nitrates in Peru, Chili and Bengal. Nitrogen is 
also an essential constituent of vegetable and animal matter. 
Albuminous compounds, for example, contain about 0T5 per 
cent, of nitrogen. 

Preparation.—Two methods of preparing nitrogen are 
available : 

1. From atmospheric air. 

2. From chemical compounds containing nitrogen. 

Tlie preparation of nitrogen from atmospheric air is effected 
either by chemical or physical means. If liquid air (p. 273) is 
allowed to evaporate, the more volatile nitrogen escapes first. 
Large quantities of nitrogen are obtained commercially by this 
method for the ammonia and allied industries. 
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Nitrogen, containing small quantities of argon, can be obtained 
from air by causing the admixed oxygen to combine with some 
reducing agent, e.g. copper, phosphorus, etc. Owing to the 
fact that phosphorus does not burn in very dilute oxygen, tlie 
nitrogen obtained from burning j)hosphorus in air is never pure. 
Much purer nitrogen is obtained from passing air over copi^er 
heated to bright redness. 

2Cu +Oj^2CuO 

In this method air, carefully freed from carbon dioxide by passage 
through a solution of sodium hydroxide and dried by being 
passed through sulphuric acid, is drawn through copper filings 
or turnings, maintained at a bright red heat. The disadvantage 
of this method lies in the fact that the copper is rapidly oxidised 
and requires renewal. In order to overcome this, a highly 
satisfactory alteration in the method was devised by Lupton 
(1870). Air is drawn through a concentrated solution of 
ammonium hydroxide, so that a mixture of air and ammonia 
enters the tube containing the hot copper filings. The ammonia 
reduces the copper oxide in accordance with the equation : 


3CuO +2NH,—>-3Cu + 311,0 + Nt, 



Fio. 81. 


BO that one obtains nitrogen from two sources, the air and the 
ammonia, while the copper is prevented from oxidising (Fig. 81). 
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Sat!i|>l(‘s of nilrogori prepared from air are always contaminated 
by small quantities of argon, etc. If pure nitrogen is required, 
it is necessary to obtain it by breaking down compounds 
containing nitrogen. As such, ammonium nitrite is generally 
taken. On gently heating this substance, it breaks down thus_ 

NII,NO, ->N2d-2ILO. 

Owing to tlio instability of ammonium nitrite, it is usual 
to priqiare this compound in the reaction vessel by mi.xing 
ammonium chloride and sodium nitrite 

NH A'l + NaNOs NH,NO, + NaCl. 

By the usual interchange an equilibrium is sot uj), wliich is 
dhsturbed by tlic action of beat upon the unstable ammonium 
nitrite. 

Ammonium diehromatc also evolves nitrogen on heating. 

(NIIJjCrA— >Cr.,03+4IK0-l-Nj. 

Physical Properties.—Nitrogen is a colourless, odourless 
and ta.stele.ss gas which is slightly soluble in water (EG volumes 
in 100 of water at 20®). It has been conden.scd to a colourless 
iHpiid boiling at —195® ami solidifying to a white solid at —214®. 


Chemical Properties.—Nitrogen is noted for its comparative 



inertness as an cle¬ 
ment. At ordinary 
temperatures it is 
practically indilTcrcnt 
to all elements. 
Under the action of 
heat nitrogen combines 
directly with a number 
of elements to form 
nitrides, e.g. magne¬ 
sium, lithium, calcium, 
boron, titanium, car¬ 
bon. In these nitrides 
nitrogen is trivalcnt. 

CLi-i-N,->2Li3N. 


., , , This reaction can be 

easily sliown by means of the ajiparatus shown in Fig. 82. A 

stream of mtrogcu is passed through the apparatus to displace 



ATMOSPHERIC AIR 


2G9 


the ox 3 'gen. On heating the combustion tube containing the 
calcium, magnesium, etc., expansion is at first caused, followed 
by a rapid rise of the liquid in the gauge as the reaction sets in. 

Active Nitrogen. 

During recent years it has been shown that an active 
form of nitrogen can be obtained by subjecting the gas to 
an electric discharge. In the apparatus devised by Strutt, 
the nitrogen was drawn in a slow stream into a tube in which 
two electrodes had been sealed. The nitrogen is activated 
by the discharge, and is then sucked out of the activating 
chamber into another tube in which its chemical properties 
can be investigated. His apparatus is figured below. 

Amongst the 
chemical ac¬ 
tions attributed 
to active nitro- 
gen may be 
mentioned the 

action of acety- 
1 Fio. 83. 

lene upon it. If 

this gas was drawn into the activating tube containing the active 
nitrogen, undoubU‘d evidence of the formation of hydrogen 
cyanide was obtained. The gase.s were sucked into a solution of 
sodium hydroxide, and after acidification, a mixture of ferrous 
and ferric salts was added. A precipitate of Prussian blue was 
obtained (q.v.). 

Nitric oxide is converted in the presence of active nitrogen 
into the more higlily oxygenated compound, nitrogen peroxide. 
Sulphur reacts wth the new modification of nitrogen and gives 
a greenish deposit. Arsenic, sodium, lead, cadmium, and 
magnesium appear to form a nitride. Many other carbon 
compounds, such as methane and hexane, react and form 
hydrogen cyanide ; otlicrs, such as ether, produce cyanogen. 

The spectrum of active nitrogen is different from that of the 
usual variety. 

Traces of oxygen have been found to facilitate the production 
of the active modification. 

Atmospherio Air 

Composition.—The work of Lavoisier upon the calcination 
of metals (p. 7), following as it did upon the qualitative investiga- 
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tion of r>oyl(‘ and otliors, clearly established that air was not 
an el(Mnent, but consisted of at least two gases—oxygen and 
nitrogen. Since that day, the existence of carbon dioxide, 
ainnionia, aejueous vapour, tlie inert gases ozone, com¬ 

pounds of sulpliur (SOj, HaS), ammonium nitrate and suspended 
matter (dust) has been established. Of these constituents it 
appears tliat oxygen, nitrogen and the inert gases alone are 
present in approximately constant quantity. All others are 
subject to considerable variation. 

If air is drawn from uncontaminated sources, e.g. the surface 
of the ocean and mountain tops, tlie proportion of oxygen 
])resont is fairly constant, altitough variations considerably beyond 
the experimental error undoulitcdly occur. The gravimetric 
anal 3 'sisshow.s tliat tabout 23 parts by weight consist of oxj'gen. 
The mctliod of carrying out the observation is shown in Fig. 84. 


Air 



Fio. 8i. 


Carefully dried air is allowed to stream over heated copper, 

and the residual nitrogen is collected in a receiv'cr and weighed. 

This gives a direct measure of the weight of nitrogen and inert 

gase.s, whilst the weight of oxygen which was formerly associated 

with this nitrogen is obtained from the increase in the weight 
of the copper. 

In the volumetric analysis of air the oxygen percentage is 
determined by the reduction in volume when air is shaken 
with a suitable reducing agent—alkaline pyrogallol, sodium 
hyposulphite or phosphorus. By these means the oxygen is 
absorbed from a known volume of air. The residual volume 
of air is then measured and the ratio of oxygen to nitrogen+ 
inert gfwes computed. Roughly, 21 per cent, of the air is found 
to consist of oxygen. For such a volumetric analysis a Hempel 
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pipette (Fig. 85), containing the reagent, is frequently employed. 
In order to determine the actual amount of nitrogen pre.sent in 
the residue after the removal of tlie oxygen by means of the 
heated copper, the residual gas is allowetl to stream slowly 
through a heated tube containing calcium or magnesium. 
Under these conditions the nitrogen is completely removed in 
the form of a nitride, SMg + N,—>-MgjN,, and a small quantity 
of gas is left uncombined. This is argon and the other gases 
belonging to the same family. The j>roportion of argon i)re.sent in 
air amounts to about 0-94 per cent, by volume. 


Carbon dioxide exists in 
pure air to the extent of 
about 003 per cent, by 
volume, but the proportion 
of this constituent shows 
very considerable variation. 
In crowded rooms the j)er- 
centage of carbon dioxide 
may reach ten or twelve 
times the normal amount. 
During fogs the carbon 
dioxide content is abnor¬ 
mally high, reaching as 
much as 0-2 per cent. The 
cause of this fluctuation lies 
in the fact that this gas is 
exhaled by animals as well as 



Fio. 85. 


by plants. Volcanoes and 

decomposing vegetable and animal matter also give rise to appre¬ 
ciable quantities of carbon dioxide. However, the balance of 
nature is roughly maintained by the action of growing plants 
which absorb carbon dioxide during the daylight and evolve 


oxygen. 

The easiest method to determine the percentage of this 
component present in the air is to cause a measured volume of 
air to bubble through a solution of barium hydroxide of known 
concentration. The amount of barium carbonate precipitated 
in accordance with the equation 


Ba(OH), + CO,—>BaCOj i +H,0 
is easily determinable either by titration or by direct weighing. 
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Tho amount of aqueous vapour present in the air is likewise 
subject to very considerable fluctuation. The higher the 
femperature, the greater the amount of a(jueous vapour which 
1h(' air can earry before saturation is reaclual. Thus, at 0® 
4 S7 grn. of uaf(‘r vapour arc necessary for the saturation of 
one eiil)io metre of air, whilst at 20® 17*1G gin. arc required. 
On cooling air which has been saturated at a liighcr temperature, 
a ])reeij)itation of moisture will occur, provided tho requisite 
nuclei are pre.sent upon which the particles of moisture may 
condense. The amount of water vapour present in air is obtained 
by allowing a known volume of air to pass through a weighed 
amount of calcium chloride, sulphuric acid, phosphoric anhydride 
or other suitable dehydrating agent. 

The bulk of the water vapour precipitated in the atmosphere 
by a fall of temperature, condenses upon nuclei of dust particles. 
It has been shown that air, cliarged with aqueous vapour and 
carefully freed from such nuclei, can be cooled much below the 
point at which a cloud should form, without tho separation of 
any droplets of moisture. On admission of suitable nuclei 
condimsation at once ensues. The presence of dust particles in 
air is easily made obvious by the passage of a beam of light, 
Ihc reflection of the light from the surface of the dust particles 
rendering very evident tlio path of the beam of light. 

Small quantities of ammonia, arising from the decomposition 
of nitrogenous matter and of nitric acid, formed during thunder¬ 
storms, arc responsible for tho presence of traces of ammonium 
nitrate in the atmosphere. 

Is the Air a Mixture?—Tho removal of oxygen from the 
air by the action of burning phosphorus in no way affords any 
indication as to whether the oxygen in tho air is present in a 
state of combination or as one component in a gaseous mixture. 
The following reasons, based partly upon chemical and partly 
upon physical evidence, lead us to tho conclusion that air is a 
homogeneous mixture of gases. 

1. If oxygen, nitrogen, etc., are mixed in tho ratio in which 
they occur in air, tho resultant product has all the properties 
of natural air, but wlicn the mixing takes place there is no 
energy change (heat effect, etc.), as there is when chemical 
combination occurs. 

2. The proportion by weight in which oxygen and nitrogen 
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are found in air has no simple relation to the atomic weights 
of these elements. The atomic proportion in which tliey occur 
i.s 3-77 : 1, a result dillicult to reconcile with Dalton’s Law of 
Multiple Proportions. 

3. Slight variations in the composition of the air have been 
noticed, whereas constancy of cliemical composition is a criterion 
of a chemical compound. 

4. The physical properties of air (demsity, etc.) may be readily 
calculated from a knowledge of the composition of the air and 
the pliysical properties of the gases of which it is composed. 
The power of the air to refract light, to absorb heat, etc., is 
directly calculable from such data at our disposal as the refractive 
index of oxygen, etc. This would not be so, if chemical com¬ 
bination had occurred between the oxygen and the nitrogen. 

5. When air dissolves in water, the nitrogen and oxygen do 
not dissolve in the proportion in which they exist in air as 
they would do if in chemical combination, but th(?y dissolve 
inde|>endently in proportion to their partial pressure and to 
their solubilities. 

6. If liquefied air is allowed to boil, the nitrogen escapes first. 

7. The oxygen and the nitrogen can be partially separated 
by diffusion through a j)orous wall. ThU is to bo expected for 
a mixture of gases of different density, but not for a compound 
of two gases. 

The Liquefaction of the Air.—The behaviour of carbon 
dioxide under increasing pressures led Andrews (p. 06) to the 
conclusion that a gas is not capable of liquefaction however 
high tho pressure, unless the temperature is below n certain 
limit—the critical temperature of the gas under consideration. 
In bringing about the liquefaction of the less easily condensable 
gases, it is therefore necessary to secure a low temptTaturo as 
well as a high pressure. In tho machines in use at tho present 
day for tho liquefaction of gases, tho requisite low temperature 
is obtained by taking advantage of the fact that all gases, 
except the theoretically perfect gas, when expanding into a 
vacuum, experience a fall in temperature. Owing to the slight 
cohesion which exists between tho molecules of a gas which has 
to be overcome when expansion occurs, work is done at the 
moment of expansion, and the energy requisite for tho tearing 
apart of the molecules is supplied by the gas, i.o. tho gas cools 

T 
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itself. The eumiilativc elTect of this cooling is attained by 

allowing the cooled gas to 
eireulate around the pipe 
leading the compressed gases 
to the orihee where tlie ex¬ 
pansion is elTected. A refer¬ 
ence to the diagram, Fig. 86, 
makes this clear. Air, ])urified 
from such chance impurities ns 
carbon dioxide and aqueous 
va])our, by passage through a 
drum containing quicklime 
and afterwards over solid caus¬ 
tic soda, is forced through 
tlie inner tube under a pres¬ 
sure of about 200 atmospheres. 

By 

tliis 

to c 

B. Tlie air, cooled in this cx- 
pan.sion, flows back tlirough a 
tube which forms a jacket 
round the tube conveying the 
compressed air to the orifice. 
A cumulative effect is thus 
secured and the temperature 
of the incoming compressed air .slowly falls, until at last drops 
of liquid air fall from 
theoiilico. The liquid is 
collectetl in Dewar flasks. 

These are double-walled 
flasks, in which the annu¬ 
lar space between the 
outer and inner walls has 
been exhausted by means 
of a special pump. The 
vacuum thereby created 
between the walls of the 
vessel offers a nearly 
perfect barrier to the 
transmission of heat; its 



manipulating the valve A, 
compressed air is allowed 
ixpaml into the receptacle 
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efficiency in this respect is still further improved by silvering 
the inner walls. 

Liquid air boils at about —11)0®, but o\nng to the volatility 
of the nitrogen, its composition and boiling point quickly 
change, and a liquid much richer in oxygen collects in the flask. 
From this residue oxygen is obtaiiusl and compressed into cylin¬ 
ders for the market. This is the main source of commercial 
oxygen. 

The Rake Gases 

Whilst engaged upon investigations upon the density of 
nitrogen, Lord Rayleigh (1893) made the interesting discoverj’ 
that the density of nitrogen appeared to vary according to 
whether its source was atmospheric or chemical. Atmospheric 
nitrogen gave a density 14 070, nitrogen prepared from am¬ 
monium nitrate, oxides of nitrogen, etc., gave a value 14 005 
a difference far exceeding his experimental error. The suspicion 
was at once formed that a heavier gas was present in small 
quantity in nitrogen isolated from the atmosphere. In 1894 
Sir William Ramsiiy succcwled in separating the new gas, which 
he named argon (Gk. dp769, inert, idle). 

Argon can bo obtained by passing atmospheric nitrogen over 
heated magnesium or calcium. A nitride is formed, and tlio 
unreactivo argon is collected. Rayleigh obtained a small 
quantity of argon by sparking n mixture of nitrogen and 
oxygen in the presence of a solution of potassium hydroxide, 
which absorbed the oxides of nitrogen as they were formed. 
After prolonged sparking the excess of oxygen was removed 
and a small bubble of gas remained. The properties of tliis 
gas were identical with those of Ramsay’s argon. This ex¬ 
periment of Rayleigh’s formed an interesting rej>ctition of 
one carried out nearly a century before by Cavendish. This 
chemist u.scd the same method to determine w'hether atmo¬ 
spheric nitrogen was a homogeneous, single sub.slance, and his 
conclusion was that, if any part of tlie nitrogen of the atmo¬ 
sphere differed from the rest, it could not exceed 1/120 of 
the whole. Rayleigh found 1/84. 

Argon has an atomic weight of 39-9. When liquefied, it boils 
at—180®. It is about 2i times as soluble as nitrogen. Its most 
characteristic chemical proj>erty is its utter lack of reactivity, 
for it combines with no clement. 
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Ramsay fnrtluT succcodocl in isolating minuto quantities of 
ritixT gas('s, sliouing the same lack of reactivity—lioliuni 
(at. \vt. 4), n<‘on (at. wt. 20), krypton (at. wt.^-82-0). xenon 
(at . wt. KIO 2). The argon obtained from atniospheric nitn'gcn 
was liquetied by means of liquid air, and this liquid was then 
subjected to fractional distillation. Tlie more volatile fraction 
was ( O )l(‘d witli liquid hydrogen, and a white solid.neon,separated 
out, while helium was left uneondensed. Tlie less volatile 
fraction was subjected to further fractional distillation and 
kr^'pton and xenon were thus isolated. 

Argon and neon, whic-h are separati'd during the liquefaction of 
air, are used for the tilling of electric lanijis and for coloured ligiits 
respectively, whilst helium from natural gas finds a u.se in a 
synthetic atmosphere for divers and for filling airships. 

From ])hysical evidence it ba.s been concluded that all the 
rare gases are monotomic, s<i that the molecular weights of tlicse 
ga.ses, ailduced from their den.sitios, also represent their atomic 
\veights. 

'J'ho s})ectrum of Ramsay's helium proved to be identical 
with the spectrum of an unknown element discovered in the 
sun’s prominences by Lf)ckyer in ISGS, and named by him 
helium (Clk. yXio^i, the sun). It had also been known for some 
years that certain minerals, c.g. clev'cite, fergusonitc, uraninito, 
evolved, on being heated in vacuo, a gas which had been assumed 
to be nitrogen. Ramsay investigated this gas and found that 
it was helium. Tlii.s gas has also been found in the waters of 
certain springs. Further discus.sion of the source and origin of 
this helium uiil bo continued in the chapter dealing with radio¬ 
activity (CIi. xli.). 

Questions 

1. Stiow how tho composition of nir !)y vohimo may bo dotorminod. 

2 Culeulrtto tho pcreoutii-'o composition of air by vohiino from tho 
following Hiinlysos of Bun.scn :— 

Air ompl<»yod . . . 850-2 c.c. at 547'5 mm. prossureand 0-4"C. 

After addition of hydrogen 1010-5 „ 004-5 „ „ 0-4 

After explosion . . 811-2 „ 502-8 „ ,.0-2 

3. What volume of air measured at 20* C. and 750 mm. pressure ia 
required for tho oxidation of 100 gm. of iron pyrites ? 

4. Tho capacity of a room is 2,500 cu. ft. Kind tho weiglit of water 
vapour coiitaineil in it, if tho baroniotric presouro bo 'JQO mm., tho tom- 
peraturo 20° and tho air saturated with aqueous vopour. (Tension of 
aqueous vapour at 20* = 17-35) min.) 

6. Givo a brief bistoricnl account of tho isolation of tho gases present 
in tho atmosphere. 



CHAPTER XIX 

THE HYDRIDES AND HALIDES OF NITROGEN 


Four reduction products of nitrogen are known ; tlicy are 
ammonia, NH, ; hydrazine, NjH*; hydrazoic acid, NjH ; 
hydroxylamine, NHjOH. 

The most important halides arc : Nitrogen trichloride, NClj ; 
nitrogen iodide, NjH 3 l 3 =(NH 3 ,Nl 3 ). 

Ammonia 

History.—The alchemists were familiar witli ammonia, 
chiefly in the form of its salts and its aqueous solution ; hut it 
was not till the time of Priestley (1774) tlmt the gas was isolated 
by heating sal-ammoniac with lime and collectirjg the evolved 
gas over mercury. 

Occurrence.—In combination with nitric and carbonic acid 
ammonia exists in small quantities in the air. It is also formed 
by the decay of vegetable and animal matter, e.g. the odour of 
ammonia may generally be detected in the neighbourhood of 
stables. It is ev'olved with boric acid from the fumaroles of 
Tuscany, and small quantities are also deposited in the neigh¬ 
bourhood of volcanoes as the chloride and sulphate. 

Preparation and Manufacture.—1. When complex organic 
compounds containing hydrogen and nitrogen arc heated in 
the absence of air, e.g. feathers, horn, coal and hides, ammonia is 
evolved. This is particularly noticeable if the substance is 
hcatc<l with soda lime, i.e. quicklime which has been treated 
with a strong solution of sodium hydroxide. I.»arge quantities of 
ammonia are set free in the destructive distillation of coal. This 
valuable product is washed out of the gas by treatment wit h w’ater 
in which the ammonia is freely soluble. The ammoniacal liquor 
is treated with an excess of lime and heated. Ammonia is set free 
and is passed cither into hydrochloric or sulphuric acid for the 
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preparation of tlie eliloride or sulphate respectively, or is passed 
itito water to form the nijua ammonia of tlic coinmcrcial world. 

2. Ammonia is formed hy the action of nascent hydrogen 
upon oxy eompounds of nitrogen, e.g. nitrates and nitrites. 
J hus, zinc, sulphuric acid and sodi\im nitrate react thus : 

Zn -}-H,R 04 —yZnSO, +2H 
NaX 03 + H .SO* XaHSO* + HNOj 
2HX03-fihlI -->2XH3 +GH,0 

3. Ammonia is prepared hy heating any of its salts with the 
alkali-hydroxides or slaked lime, i.e. with a less volatile base. 
The equilibrium 2 NH 4 Cl+Ca(OH )3 ^ CaCi 3 d- 2 H ,0 + 2 NH 3 
^^hich is attained in a sealed system, is not readied in open 
vessels owing to the c.scajie of the volatile ammonia, and complete 
decomposition of the ammonium salt results. 

4. All nitrides decompose under tlio action of water with the 
liberation of ammonia : 

Ca^Nj d- (iH, 0 —>3Ca(OH)3 + 2 NH 3 . 

5. The action of steam upon calcium cyanamidc (p. 546) leads 
to the evolution of ammonia : 

CaCN 3 + 3H ,0 ^ CaCO 3 -f 2 N H 3 . 

Tliis reaction forms tlie basis of one of the most important 
methods for converting atmospheric nitrogen into ammonia. 

G. Under tlic action of electric sparks nitrogen and hydrogen 
unite to form small quantities of ammonia. On the other hand, 
if ammonia is subjected to the action of electric sparks, it decom¬ 
poses, so that an equilibrium must be reached. Under such 
conditions only about 2-3 per cent, of ammonia is left unde- 
comjio.scd. The combination of nitrogen and hydrogen is 
attended by the evolution of heat, so that with rising temperature 
the percentage of ammonia in the equilibrium mixture must 
steadily fall (Le Chatclier s Law). 


TABLE 30 


Prr«siin> In 

Tor oont. NIIj 

In tho p.|iillll>rium inlxUiro N,+3H2^2Nnj at 


r)50'» 

750® 

850® 

950® 

1 

0077 

0 016 

0009 

0 005 

100 

C-71 

1-54 

0-87 

0 54 

200 

110 

2-99 

1-68 

107 
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It is therefore evident that, in order that the direct combination 
of hydrogen and nitrogen may be used as a commercial metliod 
of manufacturing ammonia, the conditions must be such tliat 
the combination is effected at the lowest possible temperature. 
In practice tho reaction Ls catalysed by such catalysts as the 
compounds of osmium, uranium, etc., so also by a mixture of 
iron and molybdenum. Advantage is also taken of the effect 
produced upon the equilibrium mixture by increasing tlie pressure. 
The application of Le Chatolier s Law predicts that w ith rising 
pressure the 5 ’ield of ammonia should increase (see Table '10). 
Large quantities of ammonia arc now made b}" this process. 


Physical Properties.—Ammonia is a gas pos.scs.sing a 
pungent odour. The density is a little over half that of air. 
Ammonia Is extremely soluble in water, one volume of water at 
0° dLs.solving 1298 volumes (700 mm. pressure), at 20® 710 volumes. 
The great solubility of this gas can be effectively shown in tho 
apparatus described in connection with sulphur dioxide (p. 290). 
Liquid ammonia boils at —34® and the solid melts at —77®. In 
order to evaporate one gram molecule of ammonia (17 gm.) a 
relatively largo amount of heat is required, a fa<'t which, 
together with tho ease of liqui- 


faetion of the gas, mx'ounts for its 
cxU'nsive use as a refrigerant. Tho 
gas is liquefied by compres.sion. 
The heat liberated cluring comi)res- 
sion is conducted away by the cold 
water flowing over the condensing 
pipes. Tho liquid ammonia then 
flow’s into pipes immersed in brine. 
Evaporation is facilitated by lower¬ 
ing tho pressure and tho heat ab¬ 
sorbed in tho evaporation is taken 
from tho brine. This cold brine Is 
now ready for circulation through 
the chilling rooms. There is rela¬ 
tively little loss of ammonia or of 
brine, and tho process is a continuous 
one. 



Fio. 88. 


Chemical Properties.—Ammo¬ 
nia is not a supporter of combustion nor does it bum in air. 
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However, it burns feebly in an oxygen atmosphere with the 
j)ro<luetioti of nitrogen, water and small fjiiantities of the oxides 
of nitrogen. The catalytic oxidation of ammonia is effectively 
shown by bubbling a stream of oxygen through a strong solution 
of ammonia (Fig. 8 H). If a warm jdatinum wire is suspended over 
the surface of the ammonia, it is seen to glow vigorously, and 
the solution is found to contain ammonium nitrate and nitrite. 

Ammonia is a good reducing agent, converting oxides of metals 
into metals {see j). 267). When passed over heated sodium or 
potassium, dry ammonia forms an amide in which one atom of 
the hydrogen present in anjrnonia is replaced by the metal: 

2NH 3 + 2Na -> 2NH ^Na -f H 3 . 

Sodamide ha.s a metallic appearance and evolves ammonia under 
the action of water : 

NHjNa 4 - HOH ^ NaOH + NH 3 . 

Chlorine and bromine rc'aet with ammonia, liberating nitrogen, 
the hydrogen chloride being converted into ammonium chloride. 

2NH3 + SCU^OHCl + N3. 

An adaptation of this reaction is occasionally made use of for 
generating a continuous supply of nitrogen : 

2N H 4 CI + 3CUSHCI + Nj. 

The aqueous solution of ammonia has an alkaline reaction owing 
to the formation of ammonium hydroxide : 

NH3 + H30;=^NH,0H. 

On boiling sucli a solution the volatile ammonia escapes, and 
in order to restore the equilibrium, the hydroxide tlecomposes. 
Continued boiling will drive out practically the whole of the 
ammonia, whether combined or merely dissolved. 

The Composition of Ammonia.—The dissociation of 
ammonia by the electric spark can bo utilised for showing the 
composition by volume of this gas. If 50 c.c. of ammonia is 
subjected to an electric discharge in a eudiometer, the volume 
is found to be nearly doubled. Analysis of the resultant 
mixture shows that the gases formed are hydrogen and 
nitrogen, bonce two volumes of ammonia produce approxi¬ 
mately four volumes of the mixed gases (Fig. 89). 
further evidence on the composition of ammonia is obtained 
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by Hoffmann’s volumetric method. A Ion" glass tube, divi<led 
into throe equal portions, is tilled \vith clilorinc at atmospheric 
pressure (Fig. 90). 

A few drops of concentrated ammonia are allowed to drop 
into the tube from the droj)ping funnel. I lie reaction between 
the chlorine and the ammonia is attended by con.siderahlo heat 
evolution. Wlien the reaction is complete, the excess of ammonia 
is removed by a little sulphuric acid. The lower taj) is then 
opened under water, and by immersion in a high cylinder, the 
volume is read off at 
atmospheric pressure. ^ || 

The residual gas occujiies * * 
one-third of the original 
volume and is found to 
be nitrogen. The hydro¬ 
gen of the ammonia has 
combined with the chlor¬ 
ine to form hydrogen 
chloride in the ratio of 
one to one. The hydro¬ 
gen chloride then forms 
ammonium chloride, the 
volume of which is negli¬ 
gible. The 8ul])huric acid 
merely removes any ex¬ 
cess of ammonia. The 
three volumes of chlorine 
combine with three 
volumes of hydrogen, 
thereby setting free one 
volume of nitrogen, hence 
it is inferred that ammo¬ 
nia must contain one volume of nitrogen combined witli three 
volumes of hydrogen. On the assumption of the diatomic 
nature of the molecules of nitrogen and hydrogen, it follows 
from Avogadro’s Hypothesis that ammonia must contain hydro¬ 
gen and nitrogen combined in the atomic ratio of 3 : 1. In 
order to fix the value of n in the formula (NHj),,, the usual vapour 
density measurement is necessary to get the molecular weight. 
This proves to bo about 17 (0-=32). Hence n is unity and the 

formula is NH,. 



Fio. 89. 
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'rhc Aniinonium Salts.—Ammonia combines directly with 
an acid producing a salt 

Xlla I HCI ->NH,C1 
NII, + HX 03 ->NH.X 0 ,. 

In tlioso salts the univalent radicle NH 4 is always present, and 
has received the name ammonium. A solution of ammonia in 
water contains the base, ammonium hydroxide 

NH3 + HjO^NH,On, 

and the general properties of the salts, derived from this hydroxide 
by the aetion of acids, are so similar to the properties of the salts 
of sodium, potassium, etc., that the ammonium salts are generally 
classed with the salts of the alkalies [see p. 401). The nitrogen 
j)resent in the ammonium salts is generally considered to bo 
pentavalent, as opposed to its trivalencc in ammonia itself. 

M 
N^H 
Ml 



Hydrazine 

Hydrazine, NjHi, was first prepared by Curtius (18S7). It 
is a eolourle.^s liquid which freezes at 1*4®. Its boiling point is 
60® at 71 mm., 113’5® at 7GI-5 mm. It forms a series of salts 
very similar to the ammonium salts, hydrazine monohydro- 
chloride NjHiHCl, hydrazine dihydroehlorido N,H|*2HCI, 
hydrazine sulphate NiHi-HjSO,, etc. Oxidising agents are 
vigorously reduced by hydrazine and its compounds. They 
reduce cupric salts to red cuprous oxide, silver salts to silver, 
sulphur to liydrogen sulphide, iodine to hydrogen iodide, etc. 
On exposure to air, hydrazine fumes freely, owing to the formation 
of liydrazino hydrate, 

NaH4 + H30->N2H60H. 

Hydrazine hydrate is a colourless, fuming liquid, boiling at 
118*5®. It attacks glass, corks and india-rubber. Hydrazine 
hydrate is fairly easily oxidised by atmospheric oxygen 

NjHpHjO + Oj^Na + 3H,0. 

The preparation of hydrazine and its salts is often achieved by 
organic methods, but the best method is the following : Mix 200 
c.c. of a 20 per cent, solution of ammonia, 6 c.c. of a 1 per cent. 



HYDRIDES OF NITROGEN 


283 


solution of gelatine and 71 gra. of sodium hypochlorite disj5olved 
in UK) c.c. of water. The mixture is boiled for half an hour. 
After cooling, the flask is placed in ice cold water, and sulphuric 
acid is slowly added. This causes the separation of hydrazine 
sulphate, one of the least soluble of the hydrazine salt.s. On 
distilling hydrazine sulphate and pota.ssium hydroxide from a 
silver or platinum vessel, hydrazine hydrate is liberated : 

NjH, H,S 04 + 2 K 0 H->N\H. H,0 -l-KjSO, 4 -HjO. 

Hydrazine itself is obtained by distilling hydrazine hydrate with 
barium oxide under reduced pressure in an atrnosplicro of 
hydrogen : 

BaO + NjH. HjONjll, d Ba(OH),. 

Hydrazine and its salts arc among the most powerful reducing 
agents kno^vn. 


IIvpnAZoic Acid, HN, 

This acid was also discovered by Curtius (1890). The most 
satisfactory inorganic method of preparation is indicated in the 
equation : 

NHjNa + N,0 NaNj + HjO 

Sodamido. Nitrous oxido. Sodium 

hydrnzoato. 

The sodium hydrazoate is dhvsolved in water acidified with 
sulphuric acid and distilled. Another method is by the action 
of nitrous acid upon a cold aqueous solution of hydrazine hydrate : 

N,H,H,0 + HNO.->HNj + 3H,0. 

The acid is obtained by distilling the mixture. Repeated 
distillation furnishes an acid of about 90 per cent, strength. 
Further dehydration is effected by means of calcium chloride. 
The pure acid boils at 37®, an operation fraught with considerable 
danger owing to the extreme instability of the acid. Hydrazoio 
acid is a strongly endothermic body, and its explosive decom¬ 
position is attended by the liberation of considerable heat: 

HN^aq. 3N + H 4- 02-1 Cal. 

Hydrazoic acid is a fairly strong monobasic acid which attacks 
many metals freely, e.g. zinc, aluminium, wth the evolution of 
hydrogen and ammonia. Its salts are known as hydrazoates 
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or a/i(los. Silver azide, AgNj, is \vliitc, and insoluble, not unlike 
silver cldoride in appearance. 


IIydkoxvlaminf. NIROH 


Ilydroxylaminc is obtained by tlic action of nascent hydrogen 
upon nitric oxide, nitric acid, etc. Thus, if a stream of nitric 
oxide is led tlirougli hydroelilorio acid in whieli tin is dissolving, 
hvdroxvlamine liv<lroehloride is formed. 


NO -b3II-^NIL.OH. 

The stannous chloride present in the solution is precipitated by 
tlic action of hydrogen sulpliide, tlic liquid filtered and evaporated 
to dryness, 'i'he residue is treated with al>soluto alcohol, in 
which hy<lroxylanune hydrochloride is freely soluble. On eva¬ 
porating tlie aleoliol, tlic white crystalline hydrociiloride is 
obtained. The extraction with alcohol is necessary, as ammonium 
chloride, wliich is insoluble in alcohol, is also formed by the more 
complete reduction of the nitric oxide. 


NO + 5H —> NH, + HjO. 

Nitric acid can be electrolytically reduced to hydroxylamine by 
using either a mercury cathode or a cathode consisting of 
amalgamated lead. The easiest method of obtaining 
hydroxylamine itself i.s by the distillation in vacuo of 
hydroxylamine iilio.sphate, 


(NH20H)3 H3P04-^H3P0,-1- 3NH,0H. 

Nearly the whole of the hydroxylamine can be obtained by tliis 
means. It is a wliitc solid melting at 33® and boiling at 58® 
under 22 mm. prc.ssurc. It is very unstable, and even at 
temperatures below the melting point begins to decompose. 
Hydroxylamine resembles ammonia in many respects—it forms 
a base approaching ammonium hydroxide in strength, and 
from this base a series of salts has been prepared. These salts, 
like the azides, are all liable to explode on heating. 
Ilydroxylainiiie is a strong reducing agent, reducing silver nitrate 
to metallic silver; oxidising agents, like the halogens and potas¬ 
sium permanganate oxidise it with extreme vigour. Copper 
salts in alkaline solution give cuprous oxide, a reaction whereby 
even 0 00001 gm. of hydioxylaininc in a litre of water can bo 
detected. 
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The accepted constitution of the lu'drides of nitrogen is 
rcj)resented in the following constitutional formula : 


H 

11 

H 

nZh 

V 

s 

>N-N< 


ID 


Anunonia, 


Hydrazine. 


N 
II 

N 

Hydrazoic acid. 



H 


Nn-oh 


H 


/ 


Ilydroxylrtmino, 


i.e. the nitrogen is considered to be trivalent in all these 
compounds, and therefore in a state of unsaturation. The 
formation of salts from the compounds derived from ammonia, 
hydrazine and liydroxylamine, is pre.sumed to bo attendtKl by 
a valence change, i.e. the nitrogen atom becomes penta- 
valent; 



Ammonium cldorido. 



Ilydrnzino dihydrochlorido. Hydroxylnmino 

hydrochlorido. 


The Halides of Nitrogen 

The halides of nitrogen are ])ractically limited to two, the 
chloride NCI 3 and the iodide NH 3 NI 3 . 

Nitrogen trichloride is oVjtaincd by the action of an excess 
of chlorine upon ammonium chloride, 

NH*Cl -t-SCU-^NCl, + 4HC1, 

and also by the cle-ctrolysis of ammonium chloride. In this case 
the chlorine, liberated at the anode, acts uj)on the ammonium 
chloride in the solution, producing drops of nitrogen chloride. 
It is an oily liquid wliich is extremely explosive. 

Nitrogen iodide is formed by the action of strong aqueous 
ammonia upon powdered iodine. Nitrogen iodide has also 
been prepared by the action of ammonia upon an alkaline 
solution of potassium hypoiodito. When wet, it may be 
handled with safety, but if dry, it decomposes with violence, 
even when disturbed by a feather or by a falling dust 
particle. 

The comi>o.sition of nitrogen iodide is NHs'NIs. Other 
similar compounds of nitrogen iodide and ammonia have been 
isolated: 



280 


AN INORGANIC CHEMI.STllY 


Questions 

1. Clivp fin nrrount. of tho cominorcitti syntliesis of nininonia. 

2. (Jivo II hri.'f conijmrativo aocoiint of tho Iiydritlos of nitiogon. 

Wlmt ronsons Imve wo far {issigiiing tlio formnln N'ir 3 to iimmonia* 

4. Doscriho tlio mnnufacturo of liydrox;, lamiiio. Wliot oro its more 
iinportaiit proportiog ? 

it. WIml. stops sliould bo taken to sccuro : (o) dry ominonia, (i) liquid 
ammonia ? 

0. A ouiliomotor contains 15 c.c. of ammonia ; after sparking flie volume 
is found to luive inoroasod to 20 95 c.c. ; 50 c.c. of oxygon aro then a<)dod 
and the mixture exploded. Tho volume after tho explosion is found to 
Ijo 4t)-2 c.c. Assuming that tho temperature an<l pressure remained 
constant throughout the experiment, what inference concerning tho 
composition of ammonia wotild you draw from these figures ? 

7. Wliat is tho object of distilling hydrazine under reduced pressure, 
whoiiita boiling point is comparatively low (115 )? 



CHAPTER XX 

THE OXIDES AND OXY-ACIDS OF NITROGEN 

The following oxides and oxy-acids of nitrogon are known : 

Oridejt. Acids. 

Nitrous oxide (hyponitrous 

anhydride) N,0 Hyponitrous acid (HNO)* 

Nitric Oxide NO 

Nitrogen trioxidc (nitrous 

anhydride) NjO, Nitrous acid UNO, 

Nitrogen tetroxide (nitrogen 

peroxide) NjOi 

Nitrogen j>entoxide (nitric 

anhydride) NjO, Nitric acid HNOj 

Two of these oxides give rise to no acid— nitrogen tetroxide and 
nitric oxide. So far as the otlier oxides are concerned, the 
guiding principle already emphasised in dealing with the oxides 
of chlorine and of sulphur will bo found of use in correlating not 
only the properties of the oxides themselves but also of the acids 
derived from them. As the oxygen content of the oxide increases, 
the acid-forming tendency of the oxide becomes more pronounced, 
and, in general, Oie richer the oxy-acid is in oxygen, the stronger is 
the acid, and the more stable will the acid and its salts be. 

Nitric Acid and Nitrogen Pentoxide (Nitric Anhydride) 

Occurrence.—Salts of nitric acid occur naturally though the 
distribution is somewhat localised. Immense beds of sodium 
nitrate (Chili saltpetre) are found in the desert regions on the 
west coast of S. America, Chili and Peru. The deposit is over 
400 sq. miles in area, and in some parts attains a thickness of five 
feet. The nitre rock, known as caliche, contains on the average 
about 20-30 per cent, of sodium nitrate. Small quantities of 
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]K>(.issiuin nitiiito arc found in the noi<'h]>ourlK)od of insanitary 
villages of Iiuiia. Arabia, etc. Ihulcr the action of nitrifying 
bact<Tia, urine and other nitrogenous matter are oxidised to 
nitric acid and nitrates of calciuni and potassium crystallise on 
tlie surface. These arc extracted by leaching with water and the 
extract treated witli wood ashes (potassium carbonate). The 
solution of iiotassium nitrate is then evaporated and the nitre 
purifi(‘d by rc-crystallisation. Considerable quantities of Bengal 
Saltpetre are i)repaivd in this way. 

Ca(X03)j + KjC03—^CaCOa'i' + 2 KNO 3 . 


Preparation and Manufacture.—In the laboratory nitric 
acid is prepared by the action of sul])liuric acid upon a nitrate, 
generally sodium nitrate. 


NaX 03 d- HjSO^^NaHSO^ + HNO 3 . 

Tlie principles governing this reaction are similar to those 
involved in the pr<-i>aration of liydrochloric acid from salt {q.v.). 

Ibis reaction is largely used for the mamifacture of nitric acid 
on the commercial scale, except that, at the higher temperature 
attaiiK’d in praetiee, some of the acid sulphate breaks down— 


NaNOa -bNaHS04-->Na.S04 d-HNO,, 

so that the complete reaction is represented by the equation 

2NaN03 d- Na^SO* d" 2HNO,. 

The retorts employed in the operation are large east-iron cylin- 
tlers. ihe vajamrs are led through a series of earthenware pots 
where absorjition of the acid takes place. The final traces of 
nitric acid and of the oxides of nitrogen, produced by the decom¬ 
position of the nitric acitl, arc removed by passing the escaping 
gases through toweis, filled with coke, down which water trickles. 

liiK Nituogen Cvcle in Nature and the Fixation of 
Atmospheric Nitrogen. —Few elements play a more important 
part in nature than does nitrogen. This element is an essential 
constituent of all animal tissues, and is always present in veget¬ 
able matter in the form of complex nitrogenous products. The 
animal kingdom secures its supply of nitrogenous matter from 
plant food, and hence the problem of maintaining the supply of 
nitrogen in a form capable of absorption by plants is one of 
national importauce. Small quantities of ammonium nitrate are 
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formed naturally {set 272), whilst a few plants belonging to the 
order Leguminosce are fortunate enough to have a ready made 
supply of nitrogenous compounds at hand. These plants, 
including the clover, beans, peas, lupins and lucerne, act as hosts 
for certain bacteria which form nodules upon the rootlets of the 
plant. These bacteria possess the property of assimilating the 
nitrogen of the atmosphere and converting it into a form in 
which it is available for plant food, a process whereby the growth 
of the host is effectively stimulated. Under the action of 
nitrifying and de-nitrifying bacteria, complex nitrogenous 
matter present in the soil is either oxidised to nitrates or broken 
down to such an extent that the nitrogen is set free and therefore 
lost to the vegetable kingdom. The upshot of this is that the 
available nitrogen in the soil is insufficient if anything in the 
nature of inton.sivo cultivation is desired. Supplies of readily 
available nitrogen must therefore bo added to the soil in the 
form of manures and fertilisers. In nearly all cases fertilisers 
are rich in ammonium salts or in nitrates, both of which are 
easily assimilated by plant life. The following diagram, for 
which wo are indebted to v. Braun, illustrates the various pro¬ 
cesses of nature in which nitrogen plays a part: 



Over and above the small quantities of nitrogen rendered 
available annually by nature, man has at his disposal steadily 
diminishing supplies of Chili saltpetre, but so great has been the 
demand for sodium nitrate as fertiliser and for munition pur¬ 
poses in the recent Great War, that the complete exhaustion of 
these Chili saltpetre beds is not far distant. The amount of 

u 
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ammonia derived from tlic destructive distillation of coal is 
certainly of value in eking out our supplies of nitrogen fertilisers, 
hut none the less the discovery of fresh sources of supply of 
tlu'se fertilisers has long been of momentous importance to the 
economic world. 

During the past twenty years three important methods of 
fixing atmospheric nitrogen have sprung into importance : 

1. The preparation of ammonia from calcium cyanamide 
(p. 540). 

2. The preparation of ammonia by the direct combination of 
the elements (p. 278). 

3. The direct oxidation of atmospheric nitrogen by the oxygen 
under the stimulus of the electric arc and the sulisequent absorp* 
tion of the oxides of nitrogen in water or in solutions of the 
alkalies. 

In the oxidation of tlio ammonia derived from cither of the 
first two processes, the conversion of the ammonia into the 
nitric acid takes jdace thus : 

4 NH 3 4 - 503->4N0 4 - CHjO 

4NO 4- 30, 4- 2H,0-+4HN0, 

tliough under certain conditions the reaction 

4 NII 3 4 - 30, 2 N, 4 - GH 3 O 

also occurs. The problem of the chemist is to so control these 
reactions that the second is reduced to a negligible amount. 
'J'hi.s is done by the use of a grid of platinum. Ammonia, mixed 
witli U‘n times its volume of air, is led into the catalysing cham¬ 
ber. After the reaction the nitric acid vapours arc led into a 
scries of absorption towers wliero acid of any desired strength 
can be drawn off. 

The oxidation of nitrogen by oxygen is really based upon a 
modification of Cavendish’s old experiment {q.v.). Recent work 
upon the equilibrium N,4-0,;=±2N0 has shown that the 
combination is attended by heat absorption, hence the higher 
the temperature the greater will be the yield of nitric oxide in 
the equilibrium mixture. Thus for a mixture of equal volumes 
of nitrogen and ox 3 'gcn the following values have been recorded : 

Temperature . . 2000“ 2402“ 2927® 3000® 

Nitric oxide per cent. 1-20 2-23 6 0 6*3 

whilst it has been computed that at the temperature of the 
electric arc nearly 10 per cent, of nitric oxide is formed. But as 
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the gases leave the region of higli temperature and cool down, 
the equilibrium reverses and seeks to readjust itself to the lower 
t<*miK‘rature prevailing outside the arc, iti other words, dissocia¬ 
tion of the nitric oxide formed at the high temperature of the 
electric arc will occur. The problem is to render this loss as low 
as possible. A drop of 10"^ in the temperature reduces the 
velocity of the reaction to about one half. At a temperature of 
COO-700’ the velocity of this decomposition has already sunk so 
low as to be negligible. Provided that the gas(*s are swept 
away from the arc and reduced to this temperature sufliciently 
quickly, a yield approaching the maximum may be attained. 
The more rapidly the chilling is effected, the more nearly will the 
(oinposition of the resulting mixture approach the value ruling 
at the high tem¬ 
perature of tho 
electric arc. 

One of the 
most prominent 
tyjMis of arc for 
achieving this 
result is that of 
Birkeland and 
Their 
not to use 
a short, thick 
flame, but a long, 
thin one with the maximum surface. This effect is produced 
by using an electro magnet at right angles to the arc. 

In tho above diagrammatical figure the electrodes consist of 
copper tubes, througlj which w'ater circulates. The arc is blown 
out by tho electro-magnet into a whcel-likc disc of flame com¬ 
posed of burning oxygen and nitrogen. Other well-known typis 
of arc are those used in tho Pauling and in tho Schdnherr 
furnaces. 

The gases containing the nitric oxide are swept into an oxida¬ 
tion chamber where tho reaction 2NOTO,:^zr^2NOj occurs. 
The resulting gases aro then passed through tho usual scries of 
absorption towers. In these towers nitrogen peroxide dissolves 
either in water or in alkaline liquors. In the first towers nearly 
pure nitric acid is collected, whilst from those at the end of tho 
train nearly pure nitrou.s acid is obtained in the form of its 


Eydo. 
idea is 
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sodiuin salt. In the Norwegian plant (RirUoland-Eyde) it is the 
praclico to convert imich of the nitric acid into calciutu nitrate 
l»y allowing the acid to act upon beds of limestone. 

Physical Properties of Nitric Acid.—Nitric acid is a 
colourless licpiid boiling at 80'' and freezing to a white solid at 
—47®. 'I'he acid fumes strongly in air. An aqueous solution 
containing 08 j>er cent, of acid forms a mixture of maximum 
boiling point (120-5®). For solutions more dilute than 68 per 
cent, the distillate will consi.st mainly of water, for solutions 
stronger than OS per cent, the distillate will consist mainly of 
nitric acid. In both these ca.ses the boiling point of the solution 
rises as the distillation progresses, until at 120'5® an acid of 
constant composition distils over. The concentration of nitric 
acid must therefore be efTecled by means other than distillation. 
The usual imactice to secure concentrated acid is to distil from 
strong sulphuric acid which retains all the water. 

Chemical Properties.—The chemical properties of nitric 
acid, other than those of a purely acidic nature, arc dependent 
upon the high oxygen content of this acid and upon the com¬ 
parative ease with which some of this oxygen can be liberated. 

1. Nitric acid is easily decomposed by heat, even the tempera¬ 
ture of tll.stillation being suflicient to bring about incipient 
decomposition : 

4HN03-> 2 II 2 O + 4NO, -f O 3 . 

This dccoinpo.sition is efTcctively shown by allowing concen¬ 
trated nitric acid to drop into a quartz flask heated to a dull red 
heat. Copious fumes of brown peroxide escaj)e from the flask, 
ihe brown tint of much of the nitric acid of commerce is due to 
the presence of dissolved fumes of nitrogen peroxide. They 
can bo removed by bubbling a stream of carbon dioxide 
through the acid. 

2. The aqueous solution of nitric acid is comparatively stable 
(cf. chloric acid). 

3. Definite hydrates of nitric acid, HNOj.SHjO; HNOa.H^O, 
have boon separated by freezing an aqueous solution of nitric 
acid. These hj’drates are very unstable. 

4. Nitric acid, even in aqueous solution, is a powerful oxidising 
agent, especially fuming nitric acid, formed by distilling nitric 
acid with a little starch. Coal gas will burn freely under fuming 
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nitric acid, whilst organic matter like sawdust, turpentine, etc., 
is oxidised rapidly with tlie evolution of copious fumes of the 
oxides of nitrogen. A striking illustration of this fact is 
afTorded by the action of fuming nitric acid upon cane sugar, 
when a copious evolution of carbon dioxide and of the oxides of 
nitrogen takes place. Similarly, iodine is oxidised to iodic acid, 
phosphorus to phosphoric acid, hydrogen sulphide, sulpluir and 
sulphurous acid to sulphuric acid, carbon to carbon dioxide, 
ferrous salts to ferric, c.g. : 

H,S + 8HNO,-> HiSO. + 8NO, + 4H,0. 

{4IIAN1OJ 

Such an equation is only a rough representation of such a reac¬ 
tion, as appreciable quantities of the oxide, NO, are also formed. 
The concentration of the oxidising agent and of the reducing 
agent, coupled with the temperature, will determine precisely 
how far the reaction is represented by the equation above ami 
how far by the equation : 

3H,S + SHNO,-^ 3H,S04 + 8N0 + 411A 

(4U,O.NA) 

Tlio great oxidising power of fuming nitric acid arises from the 
presence in nitric acid of dissolved oxides of nitrogen. One of 
the strongest oxidising agents, aqua regia, is obtained by mixing 
hydrochloric and nitric acids in the ratio of three to one. This 
mixture will dissolve the noble metals, platinum, gold, etc. 
Aqua regia is supjx)sed to contain nitrosyl cfdortde, NOCl, and 
free chlorine; the solvent action is attributed to the action of 
this free chlorine, 

3HC1 + HNO, 2H A + Cl, + NOCl 

8HC1 4- Pt+ 2HN0,-)-HjPtCh + 2N0C1 +4HA. 

5. Nitric acid reacts vigorously with many carbon compounds, 
particularly when concentrated sulphuric acid is present to 
absorb the water generated in the reaction. Pxcric acid is 
formed by the action of nitric and sulphuric acids upon phenol. 

C.HAH+3HO.NO,->CAiOH(NO,). + 3HA 

Phenol. Trinitro-plionol or 

picric acid* 

Under similar conditions alcoliols are nitrated with the produc¬ 
tion of nitro bodies. Thus, when glycerine is slow’ly otldcd to 
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a cooh'd mixture of nitric and sulphuric acid, nitro-glycerine is 
formed : 


CIROH 

HO.NO^ 

CIKO.NO, 

1 

CHOU 

-f- HO.NOa ■ 

-> GHONO, -f 

1 

j 

CIROH 

IIO.NOj 

CIKO.NO, 


By a similar process gun-cotton is formed from cellulose and 
tri-nitro-toluol (T.N.T.) from toluol, a derivative of benzene. 

The extremely explosive nature of such compounds as nitro- 
glycerine. ])ieric acid and tri-nitro-toluol is undoubtedly duo to 
the fact that the elements required for the chemical changes 
taking }>lace during the explosion arc contained within the same 
molecule, whereas an explosive like gunpowder contains the 
various ingredients in the form of a mechanical mixture. Fine 


though the grain of the mixture may be and however thoroughly 
incorporated, the oxidation and decomposition which take 
place at the moment of explosion must necessarily be of a slower 
nature than when the reaction is intra-molecular,as in the case 
of nitro-glycerine, etc. 

In the nitration of cidlulosc above referred to, cotton is treated 
with a mixture of nitric and sulphuric acids. 


(CoH.oOj), + OHN03 ^C,.IIu04(NO,)o + OH20. 

After drying, the product is known as gun-cotton. This substance 
burns l)ri.skly, but does not explode unless subject to a very 
violent shock, such as is given by the explosion of a percussion 
cap {see Mercury Fulminate). Gun-cotton is too violent an 
cxj)losive except for such purposes as demanded by naval work 
(mines, torpedoes, etc.). In order to sober down its action and 
make it suitable for general explosive work (the filling of cart- 
riilgcs, etc.), it is dissolved uj) in acetone together with 30 parts 
of nitroglycerine and vaseline. This paste mass is rolled out and 
cut into strips. After the evaporation of the solvent (acetone), 
the sul>stance is known as cot'dile. This is extensively used as a 
j)ropellant, and has the great advantage that the explosion is 

practically smokeless, hence the use of eordite in many smokeless 
powders. 

Dynamite is prepared by impregnating diatomaceous earth 
(kieselguhr) with nitro-glycerine. The extremely dangerous 
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explosive, nitro-glycerine, is thereby rendered comparatively 
safe. The explosive properties of the d 3 'iianiite are regulated hy 
the addition of such compounds as ammonium nitrate, flour, etc. 
By a judicious selection of the explosives at hand the miner is 
able to control the t\’pe of explosion, and hence avoid unneces¬ 
sary pulverising of the rock or ore, such as would be caused by 
such an explosive as nitro-glycerine or gun-cotton. 

Nitric acid stains the skin a bright yellow, owing to the 
formation of xanthoproteic acid. 

Action of Nitric Acid upon Metals.—The dilTcronoe in 
the action of this acid upon tlie various metals arises ver^' largely 
from the change in the oxidising power of the acid with con¬ 
centration. 

Copper, like other metals less activ’c than tin, docs not evolve 
hydrogen from nitric acid, but brings about a reduction of this 
oxidising agent. In the case of dilute acid the primary reduc¬ 
tion product appears to be nitrous acid, 

Cu + 3 HN 0 ,->Cu(N 03 ), + HjO -f HNO,. 

The unstable nitrous acid undergoes decomposition according to 
the equation 2HNO;—NO-fNOj. whilst interaction 
between the nitrogen peroxide and water then takes place. 

3NO, + HjO—> 211NO 3 + NO. 

The summation of these tlirce interdependent reactions gives; 

3Cu + SHNOs-^ 3 Cu(N 03 ), + 4H,0 -|- 2NO. 

On pa.s.sing nitric oxide, NO ( 7 .U.), through concentrated 
nitric acid, copious fumes of nitrogen peroxide arc evolved. 
These arise from tlie oxidation of the nitric oxide as well as from 
the reduction of the nitric acid. 

NO + 2HNO,-). 3NO, + H,0. 

H30,NA 

In the light of this equation the reaction between copper and 
concentrated nitric acid must lead to the evolution of nitrogen 
tclroxido and not of nitric oxide. 

The more active metals, e.g. zinc, magnesium, liberate hj'dro- 
gen from nitric acid, but in the presence of this strong oxidising 
agent, very little free hydrogen actually escapes. From a 
consideration of the scries 

NA-^N, 04 ->N, 0 ,-^N 0 ^N, 0 ^N,->NHt 0 II->NH„ 
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It is evident that many reduction products arc possible but 
the ultimate one is aniinonia. Probably the determiniim 
factor in tiie reduction is tlio prc'ssure at \\hicli the hydrogen is 

hl)eratod. When moderately strong nitric acid acts upon zinc 
nitrous oxide is evolved, 

4Zn + 10HNO3^4Zn(NO3)=-f r>H,0 + N,0 

but with dilute acid ammonia is formed, with subsetiuenl 

formation of ammonium nitrate by interaction with some of the 
nitric acid. 


4Zn + ^>HN 03 -^ 4 Zn(N 03 ), +NH, 

NH3 + HNO3—yNH,N03. 

Witli tin tile reduction is less complete, and appreciable 
quantities of hydroxylamine [q.v.) are produced. 


Nitrates.—All the nitrates of the metals are soluble in water. 
1 he nitrates of tlio alkalies evolve oxygen on heating, forming 
nitrites, anil therefore act as strong oxidising agents, 

2KN03^2KN03 + 03. 

The nitrates of the heavy metals generally evolve nitrogen 
peroxide and o.wgen on heating, 

2P1)(N03)3-> 2PbO + 4 NO 3 + 0,. 

From the commercial aspect, tlio two most important nitrates 
are undoubtedly the nitrate of sodium and of potassium the 
former as a fertiliser, the latter as a constituent of gunpowder. 
Nitrogen Pentoxide (Nitric Anhydride). 

\VUon nitric acid is heated with phosphoric anhydride, de¬ 
hydration of the nitric acid ensues, 


2HNO3 + PA ^ 2HPO3 + N A, 

and the distillation of the mixture gives white crystals of nitrogen 
pentoxide. These crystals melt at 30^ and the liquid boils at 
45 . Nitrogen pentoxide combines freely with water to form 
nitric acid ; it cannot be kept in the anhydrous condition owing 
to Its slow decomposition into the peroxide and oxygen. 

2NA-^4N03-f-0,. 


Nitrogen Peroxide (Nitrogen Tetroxidb) 
Nitrogen peroxide is prepared : 

1. By the direct combination of oxygen and nitric oxide, 

2N0 4-0,^2N0,. 
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2. By the decomposition of the nitrates of the heavy metals 

2 Cu(N 03 )i—?- 2 CuO I 4X0,1-02 

3. By the reduction of nitric acid by means of a suitable 
reducing agent, c.g. arsenious oxide. The reaction is generally 
somewhat complex, and a mixture of nitric oxide and of the 
peroxide is evolved. The gases are led through a spiral con¬ 
denser immersed in a freezing mixture. A blue IkiukI soon 
condenses. This consists of nitrogen peroxide together ^Mt i 
more or less nitrogen trioxide. Oxygen is bubbled slowly through 
this liquid, which is still kept immersed in the cold vessel. Iho 
blue colour changes slowly into a yellowish brown, ihis is 

liquid nitrogen peroxide. 

4. Copper, acting upon concentrated mtnc acid, evolves 
nitrogen pcToxide very frcelj’, 

Cu+4HNO,^C.i (NO 3 ).2N0, -I 211.0 
nitric oxide being readily oxidised to tlic peroxide l)y tlio strong 
acid. 

Properties of Nitrogen Peroxide.—The most striking 
feature of this gas is the change of colour and of density which it 
undergoes on healing. This is shown in the appended ta o. 


Temporaturo . 
Density (H=2) 

Per cent. NO, molccultsa 
Colour ... 


TABLE 31 

2U7* 1001* 135* HO* 

70 0 HO 40 2 40 0 

20 79 2 09 0 100 

Nearly Brown Doop brown Deep brown 

colourless 


In the light of these results there is little doubt that at lowtcm- 
peratures the formula of nitrogen peroxide is NjOi, ence le 

name tetroxide which it often bears. _:ko>Tn 

With increasing temperature the equiUbrium NjO,,:- fWD, 

is forced to the right, and at 140® the dissociation is practica y 
complete. It can also bo predicted that, if at some 
temperature a mixture is in equilibrium in accordance wi i o 
equation N,0,^2N0,. an increase of pressure will dnyo the 
equilibrium to the left, whilst a decrease of pressure will have 

the opposite effect (Lo Chatelier’s Law). 

At a dull red heat the brown colour of the peroxide again 

begins to disappear, owing to its dissociation into the co our cm 
gases, nitric oxide and oxygen. The complete equilibrium is 

dehned in the equation: 
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^ 2X0^ ^ 2N0 + 0, 

CoUmrlesa Deop brown Colourless 

Tlic comparative case vith wliich nitrogen peroxide dissoci¬ 
ates into nitric oxi.Ie and oxygen. 2 X 0 , ;=i 2 N() + 0 „ accounts 
for tlie strong oxidising properties of this substance. Hence 
phosphorus, whicii is burning strongly, will continue to burn 
brilliantly in nitrogen peroxide, the temperature of the burning 
phosphorus being sufliciently high to effect the decomposition 
of the pis. Carbon also burns freely in litpiid nitrogen peroxide. 
Potassium iodide is oxidi.sed to iodine, but on the other hand 

potassium permanganate is decolorised, i.e. reduced by nitrof^en 
peroxide. ° 

+ 2KMn04 + 2H,0—^ 

(KjO-MujO,) 

2 KXO 3 + 2Mn(N03), + 4HN0, 

(K,0.NA) (2MnO.NA) ( 2 H 2 O.NA) 

Wlien passed into warm water, nitrogen peroxide undergoes 
auto-oxidation (see p. 100) into nitric acid and nitric oxide, 

3N0j + H 3 O 2 HNO 3 + NO 

(H,O.NA) 

but in cold water the auto-oxidation follows a slightly different 
course, and a mixture of nitrous and nitric acids is produced. 

4N03 + 2H,0—>2HN03 4- 2HN0, 

(HANA) (HA-NAs) 

(cf. chlorine peroxide, ClOj). 

Nitrous Acid and Nitrogen Trioxide (Nitrous Anhydride) 

Although tlic nitrates of the alkalies lose an atom of oxygen 
on being heated and form the corresponding nitrite, it is usual to 
facilitate the reduction by stirring lead into the molten nitrate. 

Pb -f NaNOj -> PbO + NaNO 

The nitrite is dissolved away from the lead oxide and purified 
by crystallisation. Largo quantities of sodium nitrite are also 
prepared in the absorption towers used to absorb the oxides of 
nitrogen during the oxidation of ammonia by oxygen (q.v.). 

When an acid is cautiously added to a cold, dilute solution of 
a nitrite, a pale blue solution containing nitrous acid is formed. 
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Tlic acid itself is very unstable, and breaks down at once on 
warming, 

3HNO,-» UNO, + 2NO + H A 

i.e. auto-oxidation occurs—a typt? of reaction common to the 
chlorites, hypochlorites, phosjtliites and hypopliosphites. Tliis 
instability of the lower oxy-acid is thus frequently met with. 

The instability of nitrous acid explains the oxidising proi)ertie.s 
of this acid. 'Dius, a mixture of an iodide and a nitrite when 
acidified liberates iodine. 

2HI -h2HNO,->I, + 2HjO + 2NO 

Indigo can also be bleached by means of nitrous acid. 

On the other hand, nitrous acid being a rc-cluction product 
of nitric acid can often function as a reducing agent, and strong 
oxidising agents, such as acidified jiotassium permanganate, 
react thus t 


5HN0, + 2KMn04 +3HjS04-> 

($H,0.N,0,) (K.O.MnA) 

-h 2MnS04 + fiHNO, -f 3H,0 
(MnO.SO,) (.5H=O.NA) 

In this reaction there has been a reduction of the oxygen valence 
of the manganese from seven to two, whilst the valence of the 
nitrogen towards oxygen has risen from three to five. 

As was found to be the ease for the nitrates and nitric acid, the 
nitrites or salts of nitrous acid are much more stable than the 
acid from which they are derived. 


Nitrogen Trioxide (Nitrous Anhydride). 

The blue liquid formed by the condensation of the gases 
evolved during the action of nitric acid upon arsenious acid {see 
Nitrogen Peroxide), or by the condensation of a mixture of nitric 
oxide and nitrogen peroxide is generally supiioscd to be nitrogen 
trioxido. As soon as the temperature rises, dissociation sets 
in, N,0,^=±N0+N0j, and the more volatile nitric oxide 

escapes, leaving the peroxide behind. 

If electric sparks are sent through liquid air, the trioxido is 
formed, and separates out as a pale blue powder when the liqui 

is allowed to evaporate. , . 

The main evidence in favour of regarding nitrogen tnoxide as 

a definite chemical substance is based upon various physical 
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moas,.rorno,.ts. It is mnintainr<i that in the absence of moisture 
the dissociation N.O,—^NO-j NO, docs not occur, and that 
dry nitroacn trioxide has a vapour density lying between the 
extremes 70 and 152 (0=32), i.c. tlie molecule is cither simple, 
N 2 O 3 . or double, N 4 O 0 . ^ 


Nitric Oxide 

Preparation.—On the commercial scale, nitric oxide is pre¬ 
pared l.y the direct synthesis of its elements as a preliminarv 
«tep m the manufacture of nitric acid from atmosplieric nitrogen 
(p. 291). In tlic laboratory it is nearly always obtained by the 
reduction of nitric acid. Nitric oxide of moderate purity is 
iberatcd by the action of nitric acid (sp. gr. 1-2) upon copper 
turnings. The gas obtained hy this method nearly always con- 
tains small quantities of nitrous oxide and even free nitrogen 

the amount of these impurities tending to accumulate as the 
reaction iirogresso.s. 


3(’u i SHNO 3 —>3Cu(X(),),+2NO-f IILO. 

Pure nitric oxide is best obtained by reducing nitric acid with 
ferrous sulphate. In practice, potassium nitrate and ferrous 
sulphate, in the proportion of one of nitre to four of ferrous 
sulphate, arc introduced into a flask with a little water and con¬ 
centrated sulphuric acid is slowly run in. On heating, a steady 
stream of pure nitric oxide is evolved. 

2KN0j + H,S04 ->K:S0, +2HNO, 

GFeS^+2HN03+3H,S04^3Fc,(S04),+4H,0+2N0 

CFcS04+2KN03+4H,S04->3Fc,(S04)3+kJ04+4H,0+2N0 

oxide is a colourless gas which is somewhat 
diflicult to liquefy. The critical temperature is —OS-S®, at which 
temperature a^pressure of 71-2 atmospheres is required to liquefy 
It. At —167® the liquid freezes to a snow-white solid. When 
brought into air, nitric oxide has the distinctive property of 
forming reddish b^o^vn fumes of nitrogen peroxide, 

2NO-i-0,^2NO, 

which is also produced when it is led through nitric acid. 

NO + 2 HNO 3 3 NO 3 + H 2 O 

Under the action of oxidising agents either a nitrite or a nitrate 
IS formed. With lead or manganese dioxide nitric oxide yields 
a nitrite, but with potassium permanganate it forms a nitrate. 
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An aqueous solution of ioiUno yields nitric and hydriodic acids. 
In all these reactions nitric oxide functions as a reducing agent. 

On the other hand, nitric oxide occasionally behavt^s as an 
oxidising agent. Thus, nitric oxide and hydrogen yield ammonia 
when heated in the presence of platinum black, 

2NO + 5H 2 NH 3 + 2H,0. 

In the same way, hydrogen sulphide and the sulphides are 
oxidised by nitric oxide with the formation of nitrous oxide. 

Nitric oxide is the most stable of the oxides of nitrogen. At 
3000® about 95 per cent, of tlic nitric oxide sutlers decompo.sition 
into nitrogen and oxygen; and so, although the gas does not 
support the combustion of feebly burning substances, phos¬ 
phorus, if burning sufficiently strongly to cause dissociation of 
the gas, will continue to burn freely. 

Nitric oxide dissolves in an aqueous solution of ferroiis sul¬ 
phate, forming a somewhat indefinito compound. At 8 ® the 
composition is claimed to be 3 FCSO 4 . 2 NO, but the variability 
in the composition of the substance as the temperature rises is 
such as to cast doubt upon its chemical identity. 

Tlicro has been in the past a tendency to call such loose chemi¬ 
cal compounds as 3 FeS 04 . 2 N 0 molecular compounds, indicating 
thereby that the combination between the molecules under 
con.sideration is of a weak nature and therefore easily shat- 
hTcd. A slight rise in temperature in the above case cornpleUdy 
expehs the nitric oxide. Other examples of these molecular com- 
pound.s are given by the salts containing water of ery.stallisation, 
salts formed by the action of ammonia upon silver chloride, 
AgCI.3NH3 and 2AgC1.3NH3, and by the solution of carbon 
monoxide in an ammoniacal solution of cuprous chloride. 

An oft quoted test for nitric acid is based upon the above 
reaction. A solution of the substance, supposed to bo a nitrate, 
is placed in a test tube, and a strong solution of ferrous sulphate 
added. Concentrated sulphuric acid is then poured slowly down 
the side of the inclined test tube, and on account of its great 
density will form a layer at the bottom. If a nitrate is present, 
at the surface of contact nitric acid will bo liberated and a 
brown ring formed. The brown colour is duo to the formation 
of the above-mentioned molecular compound. 

The solubility of nitric oxide in water is slight. 
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The composition of tl.c pas is most easily .letcrmined by passini? 
a tnoasured yoln.nc oyer re<l hot copper or iron ryire ® 

2Cu+2XO_>2CuO + N,. 

The residual yolunie of nilropen is found to be one half of ‘he 

onpina yohnne of the nitric oxide. The den-sity f he "L is 
found to be 2!)-96 (0-32). Thus ^ ^ 

One gram molecule of nitric oxide weighs . 2n-nG gm 




- 

One half gram molecule of nitrogen weigh.s . I 4.02 

Hence weight of oxygon contained in one ^ * 

gram moleeule of nitric oxide . . 15.94 

( • • 6 ) and one atom of nitrogen (A.W. = 14-01). The 

formula is therefore NO, ^ 

Nitrous Oxide and Hyponitrous Acid 
J. Priestley discovered this oxide in 1772 hv reducing nitric 

ir liir^ —- 

nitraio. Kapid decomposition sets in at about 200 ^ 

NH^NOj^NsO + 2H„0. 

The decomposition should he carefully witched if . 
porature rises too high, nitric oxide U^ ototd an^d th^ 
reaetton may becon.e ao yigorous aa to lead explosfon 

MAO « t taste. It IS appreciably soluble in water 

70^nm ) r ‘'f yolumea at a preasure of 

or oyer mercury Ndr ^ .’ 

of 30 atmospheres condrsing it al 0 

oxfde a ™irbt "’i«> "ifio 

oxme, a \aluable distinguishing test. Metals do not rust in it 

tothe hvs^f^ behaves as a mild amesthetioi 

«r',s ;‘”£irz; r-cs Sts' 

T. f., taS: rr 
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Hyponitrous Acid. 

Although nitrous oxide does not form hyponitrous acid on 
solution in water, thero is little doubt that the oxide is the 
anhydride of the acid, for, on warming hyponitrous acid, nitrous 
oxide is evolved. 

(HNO)*—>H,0+N,0. 

Hyponitrous acid is formed by the action of hj’droxylamine 
on nitrous acid in aqueous solution. 

HNO, + NH,OH —> (UNO), -}- H,0. 

On treatment with silver nitrate, the silver salt separates out. 
When this salt is shaken with an ethereal solution of hydrogen 
chloride, the reaction 

(AgNO), + 2HCI->2AgCU + (HNO), 

occurs. After filtration and concentration the unstable hypo- 
nitroua acid is obtained. From molecular weight determina¬ 
tions in aqueous solutions tliere is little doubt that the molecule 
is a double one. 


RECAPITUL.4TION 

The study of the oxides and the oxy-acids of nitrogen has 
illustrated the statement already stressed in connection with the 
corresponding compounds of chlorine and sulphur— asthe^iwpor- 
tion of oxygen in the acid-forming oxide increases^ there is a steady 
increase in the strength of the corresponding acid and in its 
stability towards heal. 



Nitrous 

NUrlc 

NltroccQ 

Nitro(;en 

NUrof^ra 


oxide. 

oxide. 

1 

1 irluxliic. 

peruxUe. 

|tuuU)i^ldc. 

Formula. 

K.O 

NO 

N,0, 

NO. 

1:2 

N.O, 

Atomic ratio .... 

2:1 

] : 1 

2 : 3 

2 : a 

Stato of aggregation 

Gas 

Cos 

Gas 

Liquid 

Soliil 

Acid. 

(UNO), 


UNO, 

1 

HNO 3 


> 


Strength ond stability of tho acid increases. 

The Nitrogen Family. —Nitrogen is tho first element in tho 
fifth group of elements {see Periodic table). Tho elements in 
group 5 B, nitrogen, phosphorus, arsenic, antimony, and bismuth, 
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show as jjroat a similarity to oach other as do the elements of 
tlie halotron or sulphur «;roups. In the two succeeding chapters 
the remaining elements of the fifth group will he discussed, and 
it will he seen that tlic compouiuls of these elements bear a 
pronounced resemhianee to the corresponding compounds of 
nitrogen, except in so far as these properties arc modified by 
the increase in the atomic weight. 


Qiikstions 

1. Tho formula of nitric oxitlo is writlcn NO. 
funnula based ? 


On what facts is this 


2 . t\ bat clmimos take jdiwo when chlorine is pa.sscd into a solution of 
anmumiu ? How docs this reaction throw licljt upon tho composition 
of aininoniu? * 


X Corr4'lato tho inoro important properties of tho oxy-aeijs of nitrocen 
with tho proportio.s of tlioir anhydri.lo.s. 

4. Describe tho mono important commercial methods for manufacturinc 
iiitnc noul, ® 


r>. Wliat importanco lias nitrogen in nature 7 Discuss tho fixation 
of nitroffon. 

«. What is tho action of nitric acid (dilute ami concontratod) on the 

nictnls ? ' 


7 What oyidonco exists for viewing nitrous acitl both as an oxidising 
(itni fiH t\ rcHiuciiiB acont ? 


S. I)i«ou»s the action <if hvtxi upon {«) atninoniuni nitrifo, (6) ammonium 
inlrato, (r) potassiiiin nitrate^ (</) load nitrate* (c) morcurio nitrate. 

9. Construct equations for six reactions in which nitric acid functions 
as an oxidising agent. 

10. Given nitric acid on<l any ncoossary apparatus and chemicals* show 
liow you would prepare (a) nilrogon j)oroxido* (6) nitrogen trioxido* (c) 
intrio oxido* (d) nitrous oxido, (c) nitrogen* (/) ammonia. 

11. Coinparo the action of nitrogen poroxido and chloriiio peroxide 

upon sodium hydroxide. ^ 


CHAPTER XXI 


PHOSPHORUS 

Historical.—Phosphorus was discovered by Brand in 16G9 
while distilling a mixture of sand and urine. A century passed, 
however, before a satisfaetory method of preparation was dis¬ 
covered. The discovery of pliosphonis in bone ash by Gahn in 
1771 led Scheelo to use this .source ns a basis for preparing 
phosphorus in fairly large bulk. The method Scheelo devised 
is practically that which was in use till comparatively recent 
times. 

Occurrence. —Pho.sphorus is found widely distributcfl in 
nature, generally in the form of phosphates (phosphorite). 
These are formed partly from the disinU-gration of rocks, and 
partly from animal agencies (bones, etc.). Animal excrement 
and urine contain appreciable quantities of phosphorus as 
phosphate. The droppings of sea birds on several of the Oceanic 
Islands, notably Nauru Island, constitute what is known os 
guano. This substance, the accumulation of centuries, rich as 
it is in nitrogenous and phosphatic jdant foods, is a most valu¬ 
able fertiliser. Some of the more important mineral deposits 
are apatite, 3 Ca 3 (P 04 ),.CaF„ a corresponding chlor-apatite, 
and wavellite, a basic-aluminium phosphate. 

Manufacture. —Green bone contains about 58 per cent, of 
calcium phosphate, together with a large percentage of organic 
matter. On digestion with water under pressure, the gelatinous 
matter is dissolved out, and the residue consists partly of 
carbonaceous matter and partly of calcium phosphate. These 
degelatiniscd bones arc then subjected to destructive distillation 
in order to recover the bone oil; the residue is calcined in 
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order to burn off the carbonaceous matter and a moderately 
pure form of calcium pliospliate, known as bf)ne-ash, remains 
l>ehin<I. Tliis is the chief source for tlie manufacture of phos- 
pluuus. 

'J'wo methods are in use for making p!iosj)horus on a large 
scale : 

(а) The older retort method (essentially that of Scheelo). 

(б) The modern electrical method. 

In the former method, the bone aali or a mineral rich in 
ealcium phosphate, is treated with sulphuric acid and the turbid 
liquor is then filtered. 

Ca3(P0*)3 + 3H,S04-^2H3P0*+3CaS04 .1 

The solution of phosphoric acid is concentrated, mixed with 
sawdust or coke, and dried by liealing in ciust-iron vessels, 
'fliis causes dehydration of the phosphoric acid with the forma¬ 
tion of mcta-i)hosphoric aci<l (q.v.) 

H3P0,-H20->HP03. 

The dried mixture containing tlic meta-pho.sphoric acid is then 
transferred to retorts, where it is heated to a white heat. The 
neck of the retort dips under water in order to prevent the access 
of air. The phospliorus distils over and collects under water. 

2HPO3 + GC ^ H 2 + GCO + 2 P. 

The electrical method is much simpler than the chemical. 
A natural or artificial phosphate is mixed with silica (sand) 
and coke, and the resulting mixture is heated to a very high 
temperature in an electric furnace (Eig. 03). The reaction may 
bo looked upon as proceeding in tw’o stages : 

Ca3(P04)3 + 3SiO,—>3CaSi03 + P 2 O, 

3Ca0,P208 3{Ca0,Si02) 

and the phospliorus pentoxide is subsequently reduced by the 
carbon (coke). 

PA-f-5C^2P-f5CO. 

The calcium silicate forms a molten slag which is run off at 
intervals from the furnace. In such a furnace the part played 
by the electricity is merely to raise the temperature of tlio fur¬ 
nace. Nothing in the nature of electrolysis occurs. For opera- 
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tions requiring a high tonipcraturc such furnaces are now in 
frequent use {see Calcium Car!)idc, Carborundum). 


Physical Properties.—Two well-defined allotropic modifica¬ 


tions of phosphorus are known, yellow (or white) pho.sphonis and 
red phosphorus. Yellow phosphorus is a transparent, wax-like 
colourless solid. Its transparency i.s, however, of brief duration. 
This is due to a superficial change into tlie red variety. Yellow 
phosphorus melts at 44®. It is very soluble in carbon dLsulpliido, 


alcohol, oil of cloves, ben¬ 
zene, etc., though practically 
insoluble in water. The 
molecular weight of yellow 
phosphorus varies consider¬ 
ably with the temperature ; 
at 313® it is 128, at 1,700® 
91'2. Since the atomic 
weight of phosphorus is 31, 
it follows that at compara¬ 
tively low temperatures the 
phosphorus molecule is 
tetratomic (P4), whilst at 
high temperatures more or 
less dissociation takes place, 
probably into P,. Yellow 
phosphorus is very poison¬ 
ous. Constant exposure to 
the vaj)our of phospliorus 
causes necrosis, a decay of the 
bones of the nose and jaw. 



Red phosphorus is prepared by heating the yellow variety to 


about 250® in the absence of air. 


At 359® the transformation is 


almost explosive in its violence. The addition of a little iodine 
facilitates the conversion, even at low temperatures. Rod 
phosphorus is insoluble in all the solvents which dissolve the 
yellow form. If heated under pressure, it melts at about CIO®, 
forming a yellow liquid. The vapour pressure of red phosphorus 
is very much lower than that of yellow phosphorus. The 
following experiment illustrates this. If a scaled tube contains 
a little yellow phosphorus at one end, and red phosphorus at the 
other, and if the end containing the red modification is heated 
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(o 447'^, tho othor ond to 3.')S'’, it is foniul that tho yellow phos- 
jjliorus distils to the hot end of the tube and condenses upon 
llio red. This is due to tlie fact that at 358° the vapour pressure 
of the yellow modification is 1 .(iOG inm., whilst at 447° the vapour 
pressure of the red is only 1 min. Distillation therefore sets 
in from tho jilace of liiglier to that of lower pressure. 


Chemical Properties.—The difTercnce between the chemical 
projierties of tlie two forms of j)hosphoru3 is quite as marked as 
between tiio pliy.sical. Tho yellow variety is cliaracterised by 
I'xtreme aetixity. With the halogens it unites spontaneously, 
with sulphur when slightly warm, whilst oxygen causes slow 
oxidation even in the cold. It also reacts freely with sodium 
hydroxide. On exjiosing yellow phosphorus in the dark to the 


action of moist air, it glow.s with a pale greenish light, and at 
the same time emits fumes consisting of the oxides of phosphorus. 
Apparently the slow oxidation is the cause of the glowing. Tho 
ajjpearance of tliis glow is very dependent upon the tempera¬ 
ture, and tlic concentration and purity of tho oxygen. Thus, 
phosj)horus (hies not ajipear luminous in pure oxygen below 15°. 
In tho air tho luminosity dot's not cease till below 0°. One of 


the jiroducts of slow oxidation is ozone, and it is noteworthy 
tliat the pr('sence of trace.s of an^' gas wliich destro^'s ozone, o.g. 
hydrogen sulphide, ether, turpentine, comjih'tely stops the 
phosphorescence. ^ ellow phosphorus, although so reactive in 
moist air, does not react with jierfcctly dry oxygen. Tho strong 
H'diicing action of yellow phosplu^rus is shown by the reduction 
of suljiliuric acid to suljihur dioxide, whilst nitric acid is reduced 


to the lower oxides of nitrogen. Tiio method of detecting phos- 

jdiorus in toxicological analysis is based upon the property of 

luminescence. Ihe object containing phosphorus is placed in 

water, and tlic whole boiled. Tho issuing steam, charged with 

Iihosphorus vapour, glows brightly. The ignition tomperaturo 

of yellow phosphorus is so low that it is apt to inflame even with 

the heat of the body. It must therefore bo kept and handled 
under water. 


Red PirosPHORUs.—Red phosphorus is much less active than 
its allotropic modification. It is but feebly oxidised on exposure 
to the air, and docs not ignite until a temperature above 200° 
has been reached, nor docs it react with sodium hydroxide. 
Tho following table throws into prominence the difference in tho 
properties of these tw’o varieties of phosphorus. 
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Proj)erty . 

Cryhtftllino form 

Kmoll 

Action of air 

Melting point . 

Sp. cr. , 

Phyniologicnl action . 
Solubility . 

Ignition tcrnncrnturo 
Action upon NaOH . 
Action upon Imlogcns 


\ellow phosphorus itc(l j)hosphoru 9 

Rhombic-dodocah«'(lron Rhomholicilm 

(•■cguJui) (hexagonal) 

(»iirlic-liko Odourless 

Oxidises with phosplior- Nooxuhuion 
escenc© 


44» 

1 84 

Poisonous 

Si>luhlo ill carbon disulphiile 
and other organic solvents 
30 “ 

Ilrisk action 
Spontaneous 


Approximately GOO® 
2 10-2-14 
Xon-poisonous 
Insoluiilo in these 
solvents 
240“ 

Ko art ion 


Action ordy 
heating 


upon 


The decreased activity of rod phosphorus as compared with 
the yellow is no doubt closely connected with tlie smaller oncr<;y 
content of the red. Thus, wlien the yellow variety passes into 
the red, there is a liberation of 4 Cals. j)or gram atom. 


The Transformation of Yellow into Red Phosphorus. 

In the discussion upon the conversion of one crystalline form 
of sulphur into the other, emi)hasi8 was laid upon the fact tliat 



Flo. 94.—VAroun PnKSStmK*TEMPiCRATiJBB CuRV'K ron Phosphorus. 
UPi'Eit Curve, Yellow Phospuobus; Lower Curve, Ked Phosphorub. 
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below the temperature of 90^ Iho rliorabic form alone is stable, 
wliilst above that temperature the monoelinic variety alone is 
stable. In the case of pliosphorus siicli a definite transition 
temperature is not known. A comparison of the sulphur vapour 
pressure-temperature curve {see ]>. 21G) and tlio corresponding 
one for pliosphorus (Fig. 94) explains tliis. At no point do the 
vapour pressure curves of the two forms of pliosphorus cut, i.e. 
at no temperature are both forms stable. A piece of yellow 
jihosphorus slowly but Spontaneously ehanges into the red form, 
but tlie direct change of red into yellow is not known. In other 
words, the yellow phosphorus is always in a state of instability 
and tends to pass into the stable red modification. 


Transformation by Steps.—If red jihosphorus is vaporised 
and the vapour condensed, the yellow modification separates out 
first. This is an illustration of the principle first pointed out 
hy Ostwald—that in all reactions the most stable state is not 
reached at once, but a sucee.ssion of intermediate and loss stable 
states 13 fimt passed through. Tlio condensation of pliosphorus 
proi 'iu‘8, first of all. un.stablo yellow pliosphorus which slowly, 
but of its own will, passes into the stable red modification, 
bmiilarly Buliihur. thrown out of solution, settles out in the 
form of liquid droplets which will not crystallise for weeks. 

An excellent cxaiiiiile of tliis law is given by tlie study of the 

action of chlorine upon sodium hydroxide, the essential reactions 
being shown in the equations: 

24NttOH + 12C1, —>- I2NaOCI + 12NaCI-> 4 NaC 103 + 20NnCl 

SNat'IO, + 21NaCI ^ 24NaCl + GO,. 

Commercial Uses of Phosphorus.—The match industry 
absorbs nearly the whole of the phosphorus manufactured. 
Iho jiaste with which matches are tipped consists of yellow 
phosphorus, an oxidising agent (manganese dioxide, potassium 
nitrate, or potassium chlorate), and a little glue and gum The 
various ingredients are heated together in a closed vessel and 
then the spdls are dipped into thU paste. After drying they are 
coated with a layer of varnish. On account of the poisonous 
nature of these matches yellow phosphorus is now generally 
replaced by the noii-poisoiious sulphide, P.Sj. However, the 
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non-inflammability, and the increased cost of the red phosphorus, 
coupled with the fact that the “ safety ” matcli will only strike 
upon a prepared surface, have mitigated against the general 
adoption of this t^^pe of match. In the safety n)ateh the head 
consists of a mixture of potassium chlorate and sulphur. They 
are ignited upon a surface prepared from a mixture of red 
phosi)horus, antimony 6uli)hide and poudered glass, worked up 
into a paste with a little glue. 

The Molecular Weight of Phosphorus. —Determinations 
of the vapour density at high temperatures, coupled with freezing 
point measurements of the depression productKl by the ad¬ 
dition of yellow phosphorus to a suitable solvent (see ch. xxvii.) 
indicate that the molecular weight of this modification of phos¬ 
phorus is four times the atomic weight, i.e. the phosphorus 
molecule is represented by P 4 . Some chemists consider that tlio 
red modification is a polymer of the yellow, but although the 
I>os3ibility of this Is not easily excluded, the evidence in support 
of this view is not conclusive. From measurements of tlio 
deiLsity of the vapour of the red and the yellow varieties there is 
no doubt the molecular state of tho vapour is the same, whether 
generated by tho vaporisation of tho red or of the yellow, i.e. 
the formula of phosphorus vajKJur is represented by P 4 . 

The Hydrides of Phosphorus 

Emphasis has already been laid upon tho similarity existing 
in the properties of corresponding coini>ounds formed from a 
family of related cicinenta, e.g. tho hydrides of the halogens (cf. 
the hydrides of tho halogens, p. 173). Phosphorus belongs to 
the nitrogen group of elements, and tlie family relationship is 
brouglit out not only by tho similarity in chemical composition 
of tho hydrides of nitrogen and pliosphorus, but also to a certain 
extent in their properties. 

Tho hydrides of phosphorus are:— 

PH, Phosphine (gaseous) cf. NH, ammonia 

P,H 4 Liquid hydrogen phosphide cf. N,H 4 hydrazine 

Pi,H, Solid hydrogen phosphide. 

Phosphine—Gaseous Hydrogen Phosphide. 

Phosphine, PH„ is made by boiling yellow phospho^ with a 
strong solution of sodium hydroxide. The gas which is evolved 
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LS spontaneously iiinammabic. so that as it escapes into the air 
It catches fire. In order to avoid explosions, it is usual to dis’ 
place the air from the generating flask and apparatus with 
lydrogen or coal gas Ix'foix^ the exixTimcnt is Ix'gun. As each 
bubble of phosphine escapes from the outlet, a vortex ring 
consisting of white particles of phosphoric acid is formed. 

3XaOH +4P + 3HjO—>3Xair,.l>0, + PH, 

(;JKa,().3H,d::P,0) 



Fio. 95. 


In this reaction eodium Iiypopliosphitc is also found, the phos¬ 
phorus being oxiilised, u liilst for the production of phosphine 

«it'enu"t " 1-as taken place In 

this equation it is seen that in the formation of phosphine 

matTon o'i 'th 7“°" of three units, and in the for- 

“to l Tt f” ‘he oxygen valence has risen from 

0 to 1 It follows, therefore, that for every one molecule of 

fZphr 1 hy reduetiou, three molecules of the 

of r U ® ratio fixed the rest 

of tho equation can be >vritten down 

oft thS-SMqif 


CajPa + GH.O- 
cf. MgjNj + GHaO 


-2PH3+3Ca(OH), 
>2NH,H-3Mg{OH), 

Tho gas m this case, too, is spontaneously inflammable. 
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3. Phosphonium iodide {fj v.) breaks down under the action 
of potassium hydroxide 

PHJ + KOH -> PHj + KT +11,0 

cf. NH^Cl + KOII-^NHj-f KCl-f IKO. 

Preparation of Pure Phosphine.—Tlic phosphine prepared 
by either of the two methods first described jwssesses the pro¬ 
perty of spontaneous inilammability ; not so tliat obtained from 
phosphonium iodide. TliLs ditlcrenco in property has been 
traced to the presence in the gas of small quantities of liquid 
phosphine {P 2 H 4 ), a fipontaneously inflammable substance. 
With the removal of this impurity departs the property of 
Bi>ontancou 3 inflammability from the phosphine. The liquid 
phosphine may be removed by the following means : 

1. By passing the impure phosphine through a condenser 
cooled with liquid ammonia. The readily condensable liquid 
hydrogen phosj)hido is thereby cornidctely removed. 

2. By using an alcoholic solution of sodium hydroxide in the 
first method described. Liquid hydrogen phos[)hido is readily 
soluble in alcohol, and does not escape from the reaction vessel. 

Properties of Phosphine.—Gaseous phosplnno is a colovir- 
lesa, poisonous gas with an odour suggest,ivo of dcca 3 ’ing fish. 
It liquefies at about —85“. The gas ignites at 100 and burns 
with a brightly luminous flame forming metaphosphoric acid 

and water. PHj-f 20 ,—U :U. 

Unlike ammonia, it is only slightly soluble in water (11 
vols. dissolve in 100 vols. of water at room temperature), and does 
not produce an alkaline solution. When phosphine is heated, 
decomposition into the elements takes place, 4 PH 3 ^=^p 4 +GH,. 
Phosphine ignites and burns when brought into chlorine. 

PH, + 4C1, PCI 5 4- 3 HCl. 

Phosphine acts as a reducing agent when passed into a solu¬ 
tion of the salts of many of the heavy metals, forming phosjyhides. 

3CuS04 + 2PH,->Cu3P,+ 311,804. 

Calcium phosphide is, however, obtained by heating metallic 

calcium with phosphorus under naphtha. 

Phosphine shows a certain resemblance to ammonia in 1 

reactions with the halogen hydrides. 

PH, + HI — PH.l- 
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Of these qthosphoniinn compounds the chloride and bromide 
can best be prepared by the action of ]>hosphine upon the halogen 
liydritles. These compounds are only stable at low tempera¬ 
tures and under higli pressures, whereby the dissociation into 
phosphine and iialogen hydride is prevented. The iodide is 
much more stable and can be readily obtained in the form of 
brilliant quadratic prisms. The iodide is easily obtained by 
the method indicated in the following equation : 

13P + 91 + 24H,0 7PH J + 2111 + CH 3 PO,. 

Iodine is slouly added to a solution of phos[*horu 3 in carbon 
disulphide. The carbon disulphide is then distilled off and 
water allowed to drop upon the mi.\ture. A brisk action at once 
sets in and the phosphoniuin iodide is volatilised. 

I he chief interest in the phosphonium conij>ound 3 lies in their 
resemblance to the ammonium compounds. They bring out in 

a striking uay the family relationship of the elements nitrogen 
and phosphorus. 


Liquid Hydrogen Phosphide, P^H,. 

This substance shows no rcscml)lance to hydrazine, other than 
in the similarity of composition. 

It is most easily obtained by passing through a cooled 
spiral condenser the impure phosphine generated from calcium 
pliosphido. TIic ]i<iuid is spontaneously inflammal»lc (B.P. 57®). 
It is probably also formed when pure phosphine is led through 
nitric acid. At any rate the passage of pure phosphine through 
nitric acid restores the inflammability to the phosphine. 


Solid Hydrogen Phosphide. 

This is formed by the action of light or heat upon liquid 
hydrogen phosphide. 6 P 3 H.-> 6 PH 3 + 2 P,H. It possesses no 
anaOguc among the nitrogen hydrides. From determinations 
of the freezing point depression produced by the solution of this 
substance in molten phosphorus, it has been concluded that the 
molecule has the formula PjaH.. 


The Halides op Phosphorus 

There are two main classes of these compounds—those derived 

from tnvalcnt phosphorus and those derived from peutavalent 
phos 2 )liorus. ^ 
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Trivaicnt halides: 

PFa (gas), PCI 3 (liquid), FBt, (liquid). PI, (solid). PJ, (solid). 
Pentavalent halides : 

PFs (giis), PCI 5 (solid), PBr^ (solid). 

POF3 POCI3 POBra. 

Oxyfluoriclo, Oxychloride. Oxyhrornido. 

In general, the halides of phosphorus are obtained by the 
direct action of the halogen upon pliosphorus. They are com¬ 
paratively stable, but tlie presence of water at once Icad.s to 
hydrolytic decomposition. 

Phosphorus trijluoride is produced ])y the action of arsenic 
fluoride upon phosphorus trichloride in the absence of moisture 

AsFa + PCU^ PFj 4 - AsCl,. 

It is a pungent smelling gas wliich is readily oxidised to the 
pcnta-comjKjund. 

PFj + F.^PF, 

PF3 4-Br3^PF3Br.. 

Phosphorus trichloride is easily obtained by the action of dry 
chlorine upon molten yellow phosphorus or gently heated red 
phosphorus. It is a colourless liquid boiling at 75-0®. It fumes 
strongly in moist air and hydrolyses freely in water with the 
formation of phosphorous and hydrochloric acids. 

PCI 3 + 3HOH P(OH )3 + 3HC1. 

Phosphorus fn' 6 romiWe Is formed by the action of bromine upon 
red phosphorus (B.P. 172-9®). With water it reacts thus, 

PBr, 4-3H0H^P(0II)3 + 3HBr. 

Phosphorus triodide is produced by acting uj)on iodine with a 
solution of phosphorus in carbon disulphide. Its properties 
resemble those of the other trihalides. 

Phosphorus penlafluoride is formed by the oxidation of the 
trifluorido by means of fluorine, and by the interaction of arsenic 
trifluoridc with phosphorus pcntachloride. 

6 AsF, -1- 3 PCU-> 5 A 8 Cl 3 + SPF^. 

It is hydrolysed by water forming phosphoric and hydrofluoric 
acids. 

PF. + 4HOH ^ H 3 PO 4 + 5HF. 

Phosphorus Pcntachloride is produced by the action of 
an excess of chlorine upon phosphorus or by passing chlorine 
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through the trichloride. It b a solid wliich suhlimos readily 

without ruoUing. In the presence of small quantities of water 
it reacts tlius : 

PCI, + HOH ^ POCI 3 -t- 2HC1, 

hut with an excess of water complete hydrolysis is eflcctcd. 

PCU + 4H0H H 3 PO 4 + 5HC1. 

Phosphorus pentachlorido (and so, too, the trichloride) reacts 
freely with compounds containing the hydroxyl group, con¬ 
verting them into the corre.sponding chlor-cornpound. 

S02(0H)2 + 2PCl3->S03CU d-2POCl3 + 2HCl. 

Sulphuric acid. Sulphuryl chloride. 

The vapour density of phosphorus pentachlorido falls with the 
temperature. Ihus Cahours obtained the following results; 

Temperature . . 182“ 200“ 200 “ 300“ 

Vapour density . 14G-6 140-0 110-2 104-8 
Per cent, dissociated 41-7 48-5 80-0 97-3 

Tlicoretical vapour density of PCl5=208-5(O=32). 

At temperatures above 300“ the density falls to a half of that 
given by the untlissociatcd molecule. At the same time the 
characteristic colour of the chlorine appears. This is interpreted 
to mean that with rising temperature tlie equilibrium 

PC]3;rr^PCl3 + CI, 

is forced to tlie right. At 300“ tlie dissociation is practicaUy 
complete and the vapour density is half of that demanded for 
the undissociatod molecule. 

From the application of the Law of Mass Action to the above 
equation it is seen that 

R- _(PCl3)(Cl,) 

(PCI 3 ) • 

Thus, if these three substances are in equilibrium in a scaled 
vessel, and chlorine is pumped in (i.e. the pressure of the chlorine 
13 mcreased), the equilibrium will adjust itscU by the conversion 
of some of the tricliloride into the pentachloride. Wurtz took 
advantage of this in his determination of the molecular weight 
of phosphorus pentachloride in the presence of phosphorus 
tnchlonde. The dissociation of the pentachloride was thus 
prevented, and he obtained the normal value 206*6 at 160®. 
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Phosphorus pcniahromide resomblea the pentachlorido both in 
the inetliod of preparation and in properties. 

Of the oxvlialides of pliospliorus phosphonjl chloride {phos¬ 
phorus oxychloride) ranks first m importance. It is obtained 
by the partial hydrolysis of the pcntachloride {q.v.), as well as 
by the interaction of piiosphoriis pcntachloride anti the pentoxide, 

SPCU + PA^SPOClj. 

Tlie action of the pcntachloride upon any compound containing 
the hydroxyl radicle, c.g. ethyl alcohol, also results in the 

formation of the oxychloride. 

CjHsOH -1-PCU^C:H,C1 +P0C1, + HC1. 

Phosphorus oxychloride is a colourless liquid boiling at 107-2 . 
Under the action of water it slowly hydrolyses, forming h}(. ro- 
chloric and phosphoric acids. 

POClj 4- 3HOH ^ H 3 PO 4 + 3Ha. 


The Oxides and Oxyacids of Phosphorus 
The following table summarises the oxides and oxyacids of 
phosphorus:— 

Oxido. 

Phosphorus trioxide, PjOs 

(Phosphorous anhytirido) 

Phosj)horu8 tetroxido, PjO, 

Phosphorus i)entoxidc, PjOj 
(Phosphoric onhydritle) 

Of these the anhydrides, phosphorus trioxide and pentoxide 
are the most important. 

Phosphorus Pentoxide. 

This oxido is formed by burning phosphorus in an excess of 
oxygen or air. When pure, it is wliitc and entirely free from 
smell, though commercial samples of the pentoxide generally 
have a faint garlic-like odour, duo to the presence of traces of 
the trioxide, Pho-sphorus pentoxide absorbs water with avidity, 
and when brought into cold water forms metaphosphorio acid, 

PA + H,0->2HP0„ 

but in hot water orthophosphorio acid is produced, 

P.0, + 3H.0^2H3P04. 


Acid. 

Hvpophosphorous acid, H3POa 
Phosphorous acid, HjPOa 


Hypophosphoric acid, H2PO3 
Orthophosphorio acid, H3PO4 
Pyrophosphoric acid, H4P30| 
Metaphosphoric acid, HPO3 
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Owing to t)io aHinity for wator displayed by the pontoxide, 
this substance is the most valued of all reagents at the disposal 
of the chemist for drying gases. This property is often taken 
advantage of when it is desired to remove the elements of water 
from a compound, e.g. 

HNOj-HoO^N^Os 
CjHsOH —HaO^Cjir^ 

(ethyl iilcoliol) (ethylene) 

Phosphorus pentoxide has a molecular weight which indicates 
that its true formula is (PjOs)^, but for the sake of simplicity 
in writing equations the simpler formula is generally adopted. 

Phosphoric Acid. 

Pliosphorus pentoxide resembles iodine heptoxide inasmuch 
as both these oxides give rise to more than one acid wliich 
differ from each other only in the dej^ree of hydration {see 
Per-iodic Acids, p. 187). From phosphorus pentoxide are derived 
three acids : 

Orthoidiosphoric acid, PjOj d-SHjO—> 2 H 3 P 04 
Pyrophosphoric acid, PjOj + 2 H 3 O—> H^P^O, 
Mcta-phosphoric acid, PjOj + IIjO—>- 2 HPb 3 

Pyrophosplioric acid is not prepared by the direct action of 
water upon phosphorus pentoxide, but all the properties of 
this acid, as well as its method of preparation, leave no doubt 
that it is derived from the oxide PaOg, so that its formula may 
be written 2 H 20 ,l’ 20 s. 

The relation of the pliosphoric acids to the corresponding 
acid of nitrogen is of interest. Nitrogen pentoxide forms nitric 
acid, 

N205 + H20^2HN03. 

As indicated in the discussion of the per-iodic acids (g'.v.), the 
true ortho-nitric acid would bo represented thus : 

N203+5H20^2N(0H)„ 

but, owing to the instability of this acid, immediate decomposition 
to nitric acid (more correctly termed mcta-nitric acid) ensues. 

N{0H)3~>HN03 + 2H20, 

In the corresponding case of phosphoric acid wo have 

P20* + 5H20^2P(OH), 

True ortho-phosphoric acid. 
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This loses one molecule of water and passes into what is commonly 
termed ortho-phosphoric acid, 

P(0H)5->H,P0, + HA 

that is to say, the first member of the fifth (nitrogen) group 
appears less able to form a highly hydrated acid than does the 
next member. Later on, in dealing with the remaining elements 
of this group, it will be found that they offer a strict analogy 
with phosphorus (cf. arsenic, etc.). Moreover, the first element 
in other groups is also less able to form the highly liydrated 
acid than are the lower membera of its group, (cf. HCIO, 
and H,IO(, and HjCOs, H^SiOj. 

Orthophosphoric Acid.—This acid is prepared either by 
the solution of phosjihorus pentoxide (phos])horic anhydride) in 
warm w’atcr, or by the oxidation of pho.sphorus with nitric acid. 
Largo quantities arc prepared commercially by the action of 
sulphuric acid upon bone ash. 

Ca^iPO.), l-3H,S0.^3CaS0* | + 2 H 3 PO 4 . 

Orthophosphoric acid can be obtained in the form of transparent, 
six-sided crystals (rhombic) by concentration in vacuo, or by 
heating the acid to a temperature of 140® and cooling the 
wncentrated liquor. It melts at 38 C®. Ortho-phosphoric acid 
is tribasic and gives rise to three scries of salts. 

Primary salt, H 3 PO 4 + NaOH = NaHjPO^-f-H.O 
Secondary salt, H^PO, + 2NaOH= Na.HPO^ + 2HjO 
Tertiary salt, H 3 PO 4 + 3NaOH = Na^PO* + 3H,0. 

The normal salt reacts alkaline to litmus, the secondary salt is 
neutral, whilst the primary .salt is acid to litmus. This apparently 
conflicting behaviour is due to the hydrolysis of these salts in 
accordance with the equations— 

NajPO* -f 3 H 3 O ^ 3NaOH + H 3 PO 4 
Na,HP 04 4 - 2 H 3 O ;;=± 2NaOH + H 3 PO 4 
NaH 3 P 04 + H 3 O ^ NaOH + H,P 04 

In the first reaction the base and acid are produced in equi¬ 
valent quantity, in the second the ratio is 2 ; 3 , while in the 
third reaction the ratio has fallen to 1 :3. Owing to the fact 
that sodium hydroxide is a more pow'erful base than phos¬ 
phoric acid is an acid, solutions of the normal salt react as if 
they have an excess of base, i.e. alkaline ; solutions of the 
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sc'condarv salt are practically neutral, since the increased strength 
of tljc base just countorhalanees its lower concentration as 
compared with the acid ])resent, wliilc in solutions of the primary 
salt, the excess of aeid {3: 1) more than counterbalances the 
gn'atcr slnmgth of tlie base, ami the solution reacts acid. 

Owing to the ready liydrolysLs of the tertiary salts, these are 
stable onlv in the solid form, or in the presence of a considerable 
excess of sodium hydroxide, by which means the hydrolysis 
of the salt is efi'ectively prerented. 

NaaRO* 3XaOH +n 3 PO. 

i.c. the oqrulibrium exj)ressed in tliis equation will bo driven 
to the left. 

The insolubility of normal calcium jihosphate (bone-ash) 
nmders this substance of littlo direct value as a source of 
phosphates for j)lants. By treatment with sulphuric acid it is 
converted into the primary salt, 

Ca3(R()d2 1- 21IjSO,—yCall^fPOjj + 2CaS04 

—a soluble salt, and therefore a salt capable of absorption by 
j)lants. This acid salt, known ns " superphosphate,” is on the 
market as a fertiliser. On heating phosphoric acid to about 250®, 
water is expelled, and pyro-phosphoric aeiil results. 

'2U^V0^ — n^0-^U,\\0,. 

Further heating leads to the formation of metaphosphoric acid, 

H.PA—Ho 0-^2HP03. 

By the hydration of meta- or pyro-phosphoric acid, the ortho-acid 
is formed. 

Tlie constitution of orthophosphoric acid has been determined 
with tolerable certainty by ita hydrolytic formation from 
phosphorus jientachloride and phosphorus oxychloride. 
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Pyrophosphoric Acid.—Pyrophosphoric acid is formed 
not only by heating orthophosphoric acid, but also from di-sodium 
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hydrogen phosphate, which is first heated to convert it into 
sodium pyrophosphate, 

2 Na,HP 04 ->Na,P, 0 , + H^O. 

The sodium pyropliosjjhate is then treat<‘d with lead acetate 
and the ditlicultly soluble lead pyrophosphate settles out. This 
is then decomposed by means of sul])huric acid. 

PbjP A + 2H,SO,^ H,P,0; + 2PbSO, i 

The pyrophosphates are easily obtained from the mono¬ 
hydrogen phosphate or from fitrtiary phospliates containing 
the ammonium grouj). Tims magnesium ammonium phosphate 
reacts in the following way on heating, 

2MgNH,PO,->2NH3 + Mg,PA +HA 

Pyrophosphoric acid is a w’hite crystalline solid, readily soluble 
ui water. The conversion of its aqueous solution into ortho- 
IJhosphoric acid is considerably accelerated by boiling. The 
pyrophosphates are moderately stable salts. Although pyro- 
I>ho8phoric acid contain.s four liydrogen atoms, and is tfiereforo 
tetrabasic, only two series of salts have been pri‘j)ured—e.g. 
Na.PjO, and Na,HsP,0,. 


Metaphosphoric Acid.—This form of phosphoric acid is 

obtained by the exposure of phosphorus pentoxide to the action 

of the aqueous vapour of the atmosphere, and also by the partial 

dehydration of ortho-phosphoric acid. It can bo obtained by 

strongly heating pyroj)h()sphoric acid. The sodium salt is 

obtained by heating sodium di-hydrogen phosphate or hydrogen 

ammonium 8u<lium j)Iiosphate, and is a vnlual)le wator-sofU*ning 
agent. 


NaH,P04—^NaPOad HjO 

HNaNH^PO,—^NaP 03 d-NH 3 -fH, 0 . 

Metaplio.sphoric acid is a glassy solid, wliieli fuses at 0*^. It 
•8 soluble in water, slowly passing into the ortho-acid even in 
the cold. Although metaphosphoric acid is monobasic, a number 
of salts have been prepared from it which suggest that the mole¬ 
cule of mctaphosplioric acid may exist in a polymerised state. 

Thus from— 

Mono-melapliouphorio 

acid wo get . . NnPOi, sodium mctaphosphftto 

t^i'iDetaphosphoric acid 

. , Na,P,0*, sodium di-motaphospliato 

y 
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Tri-mrtaphosphoric acid 

w«' . Nn3r30a sodivim tri-metaphosphate 

Tot ra-iiu'tupiiosphoric 

acid wo m‘t . . lead tctra-metapliospliaio 

l’oiila-pliO"tphoric acid 

wo . (Nll4)-,r50i6, ammonium penta inctapliosphato 

Hoxa-motapliosplioric 

m*id wo got . . NogPeOig, sodium hoxa-motaphospliato 

Tests for the Phosphoric Acids. 

The ortlio-, pyro*, and ineta-phosphoric acids with their 
salts are easily <iistiriguished from each other by their action 
upon silver nitrate and albumen, as shown in the subjoined 
Table 33. 

T.VHLE 33 


1 

<)rtlu>ph<*K|ihoric 

AoKl. 

Py ro p 1 lo^ 1 >hor i c 
Aii*L 

MctaphiHphorlo 

AM. 

1 

Silver nitrato 

Canary yellow 

White crvfltallino 

Wliito gelatinoud 


of 

pRMnpitrtto of 
Ap4l’*0, 

procipifnto of 


AC.VO, 

Agl’Og 

Albuinon 

No action 

No action 

Coagulation 


All the phosphoric acids give a yellow precipitate with a large 
excess of a hot solution of ammonitiin molybdate in nitric acid. 


PiiosruoRus Tkioxide and Phosphorous Acid 

(Phosphorous Anhydride) 

Phosphorus Trioxide (Phosphorous Anhydride) is pre¬ 
pared by burning phosphorus in a limited supply of oxygen. In 
order to obtain the trioxide free from the less volatile pentoxide, 
which is also formed during the oxidation, the products of the 
oxidation are dra^^^^ through a condenser, kept at CO®. The 
pentoxide separates out in the condenser, whilst the readily 
volatile trioxido is caught in a receiver immersed in a freezing 
mixture. 

Phosphorus trioxide is a snow-white crystalline solid, melting 
at 22*5®. It lias a garlic-like odour and is highly poisonous. 
The oxide dissolves slowly in cold water, forming phosphorous 
acid, but in hot water decomposition occurs (see action of heat 
upon phosphorous acid). The trioxide oxidises readily to the 
pentoxide ; in chlorine the oxidation is eo vigorous that the 
temperature of ignition is reached and the trioxide burns with 
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the formation of tlie oxj’cliloriclc. On heating phosphorus 
trioxide in a sealed tube to a t(*inperaturc of 440^, avito-oxidation 
takes place with the production of red pliospliorus and phos- 
phorus-tetroxide, 

4P^03-^3P,0.H-2P. 

Vapour density determinations, as well as determinations of the 
molecular weight of tlie trioxide when dissolved in benzene, 
show that the true formula is P 40 g, though for reasons of 
convenience the simpler formula is still in general use. 

Phosphorous Acid is prepared either by the action of cold 
water upon the anhydride P-O3, or by the hydrolysis of phos¬ 
phorus trichloride, etc. 

PCla-f 3HOH-> HaPOj-f 3HC1 
PBr, + 3HOH ~> H 3 PO 3 + 3HRr 

(«€€ Preparation of Hydrogen Chloride, p. 150). The easiest 
method is to pass chlorine through phosphorus melted under 
wattT, when the trichloride is imstantly hy<lrolyse<l. The solution 
is then evaporated until its temperature has risen to 180® ; on 
cooling, the crystalline solid separates (M.P. 701®). 

Phosphorous acid is a vigorous reducing agent. It reduces 
copper sulphate to metallic copper, and tlie salt.s of the noble 
metals are also reduced to the metallic state. Oxygen converts 
it into ortliophosplioric acid. When the acid itself is lu'ated, 
it undergoes auto-oxidation, forming orthoj)hosphoric acid and 
phosphine: 

4 H 3 PO, 3 H 3 PO 4 + PH 3 

2(3H30.P30,) 3(3H30.P30,) 

The valence of phosphoru.s towards oxygen in the trioxide 
U three, in the pentoxide it has risen to five, wliilst in j)hosphine 
the valence has fallen to three towards hydrogen. Expressed 
mathematically, wo may say that in passing from phosphorous 
acid to phosphoric acid, there has been an increase of valence 
of two, whilst in tlie reduction to phosphine there has been a 
fall of 3+3=6 imits. The auto-oxidation must therefore lend 
to the formation of three times the quantity of the oxidation 
product as of the reduction product, i.o. three of H3PO4 to 
one of PH,. 

The instability of the aqueous solution of phospliorous acid 
as compared with the great stability of phosphoric acid affords 



324 


AN INORGANIC CHEMISTRY 


furtlior siij^port to tlio general statement that the lower oxy-acitls, 
as a elass, are less stable than tlie liigher oxy-aculs (cf. nitrite 
anti nitrate, ehlorite aiui ehl<»rate). 

Tlie j)o\ver to form aeicl.s of a lower degree of hydration is 
not restricted to j)h(»sphorio acid, for similar compounds have 
been isolated for phosphorous aeid and its salts. Pyrophospljorous 
acid (HJ\Os), and its salts (NaaHjPaOs), and metaphosphorous 
acid HPOj, have been isolated. 

1'he constitution of ])hospljorous aeid is still a matter of doubt. 
The preparation of tins aeid from pho.sphorus trichloride, 

/'I 

P ^Cl I 3HOH->P(OII),4-3HCl, 

is generallv held to vSupjKut the view that the acid is tribasic 

OH 

and symmetrical, i.c. its formula is represented by P^OH ; 

^OH 


so, also, the existence of a tri-sodium phosphite, NajPOs, supports 
tliis view, but there is not the slightest doubt tliat in the majority 
of its reactions ])liosphorou8 aeid beliavcs as a dibasic acid. 
Mt>st salts are of the type MJIPOj, while organic derivatives, 

such as 0=P^()R, where R denotes a radicle, supports the 

M)R 


un.symmctrical constitution 0 = P^0H. The hypothesis which 

^OH 


best reconciles these conflicting facts is that phosphorous acid 
exists in two tautomeric forms in equilibrium with ciich other: 

OH H 

PAOH ^ O =P /oh 

^OII X)H 

Tribasic* nc*i<I. Dibasic acid. 


Hypophosphorous Acid 

Preparation.—The sodium salt of this acid is produced 
during the preparation of phosphine by the action of sodium 
hydroxide upon phosphorus {q.v.). If barium hydroxide is 
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substituted for sodium hydroxide, the reaction proceeds similarly : 

3Ba(OH)2 4- 8P + GHjO^ 2PH3 SBatHjPOs)^. 

The resultant solution is treated with dilute sulphuric acid till 
precipitation is complete, the barium sulphate removed by 
filtration and the solution concentrated until white crystals of 
hypophosphorous acid separate out. 

Properties.—Hyi)ophosphorous acid is a strong reducing 
agent, reducing the salts of silver, gold, mercury, etc., to metal, 
and reducing copper sulphate to copper hydride (distinction from 
phosphorous acid). Zinc and hydrochloric acid reduce both 
hypophosphorous acid and phosphorous acid to phosphine. 
On heating hypophosphorous acid, auto-oxidation occurs with 
complete decomposition into phosphine and orthophosphoric 
acid. 

2H3POa-^PH3 + H3PO|. 

All the salts derived from hypophosj)horous acid are mono¬ 
basic. If the pcntavalenco of phosphorus is assumed, the 
constitutional formula which represents this acid would be 

0 =P 

PlIOSPHOBUS TeTROXIDE 

Phosphorus tetroxido is prepared by heating phosphorus 
trioxido in a sealed tube to a temperature of about 440®. 

4P,03-^2P + 3P304. 

The tetroxido is very hygroscopic, and when dissolved in 
water undergoes auto-oxidation, giving rise to a mixture of 
phosphorous and phosphoric acids (cf. Nj 04 and CIO 3 ). 

P3O4 + 3H3O ^ H,P 03 + H3PO4. 

Hypophosphobio Acid 

Hypophosphoric acid, H^POs, is formed along with phos¬ 
phorous and phosphoric acids, when phosi)horus is allowed to 
undergo slow oxidation in a moist atmosphere. Tho acid is 
stable at ordinary temperatures and docs not possess reducing 
properties, even hydrogen peroxide being without action upon 



320 


AN INORGANIC CHEMISTRY 


it. It readily (‘oiivcrtod hv acid.s or by heat into a mixture 
of |>h()sjilK>r(»us and jiljospliorie acids. 

Altliouph j)}u)spliorus tetroxide doo.s not give rise to liypo- 
jihospliorie acid on treatment with water, the fact that l)otl\ the 
acid an<l the oxide readily undergo oxiilation in liot aqueous 
solution in the same way i.s held to support tlie view that the 
t<‘troxide is the aidivdride of hy|)opliosphoric acid, the reducing 
action hi'ing due to tlie formation of pliosplioroiis acid. Tl»e 
acid is dibasic and po.ssesses the simple formula, ILRO 3 . 

Sulphides op Phosphorus 

The mo.st important suljdikle of phosphorus is the penta- 
sulphide, PjSj. It is prepared by gently heating red phosphorus 
with the calculated weight of sulphur. The reaction proceeds 
vigorou.sly, and on cooling the solid pcntasulphidc is obtained. 
The residue is purified by distillation in a stream of carbon 
disulphide, when the distillate solidifies into a yellow crystalline 
mass (m.p. 274°). Phosphorus pentasulphkle reacts with water, 
forming orthophosphoric acid ami hydrogen sul{)hide. 

PjSj t- 8H-,0-^2H3P0* -1-5H,S. 

Other sulphides arc and P 4 R 0 , the former of which is 

extensively used in the match imlustry, as it is sufiiciently 
inflammable to ignite with slight friction, and is Don- 2 )oisoDOUS. 
Comparison of the Phosphorus and Nitrogen Compounds 

A study of the properties of the oxy-compounds of these two 
elements leads to the conclusion that, widely though these 
elements appear to dilTer in properties, in reality certain funda¬ 
mental characteristics are found in all similar compounds, e.g. 
ammonia and phosphine, the auto-oxidation of nitrogen peroxide 
or tetroxide and of phosphorus tetroxide on solution in water, 
the instability of the lower acids (nitrous and phosphorous) 
compared with the greater stability of the higher acids. Even 
the comparatively great reactivity of “ active ” nitrogen and of 
yellow phosphorus, as compared with tho inactivity of ordinary 
nitrogen and of red phosphorus, brings out tho group analogy. 

TIio contrasts which stand out are :— 

1. Tho greater oxidising power of nitric acid as compared 
with phosj)horic acid. 

2. The greater power of phosphorus to hold tho hydroxyl 
group in combination as compared Mith nitrogen. 

3. The much greater stability of tho hydrides of nitrogen. 
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Questions 

1. Compare and contrast the hydrides of phasphorus wnth those of 
nitrogen. 

2. Compare the oxy-acids of phospliorus and of nitrogen. 

3. Discuss the effect of tompernturo and pressure upon the oqvulibrium 

pcij^pci3 + a,. 

4. Give an account of the three phosphoric acids, ^\’hat testa may 
bo used to identify tlicse acids ? 

6. Give Q comparative account of tho general chemistry of the elements, 
pho.sphorua and nitrogen. 

6. Write equations illustrating auto-oxidation from the chemistry of 
phosphorus and nitrogen. 

7. Describe how phosphorous acid may bo prepared. WHiat salts does 
phosphorou.s acid give rise to ? ^V^^at is the action of heat upon such salts ? 

_8. Describe tlie preparation of phosphine, and compare its properties 
with those of ammonia, 

9. \VhQt is an acid salt, haste salt, mixed salt ? How would you classify 
tho following :— 

CaH^fPO*).. MgN^H^PO,, KII^PO*, KH,PO, T 

10. Give an account of tl>o preparation and more important properties 
of the halides of phosphonis, 

11. \\TiQt is tho action of heat upon calcium superphosphate, magnesium 
ammonium phosphate, sodium phosphite, pyrophosphoric acid respectively f 
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ARSENIC, ANTIMONY, BISMUTH, VANADIUM, 

NIOBIUM. TANTALUM 

The Nitrogen Family.—The above elements, together with 
nitrogen and pliosphonis, comprise the fifth group of the Periodic 
Table. Tlie reseinblanec between ar.senie, antimony and bismuth 
is especially well marked. The same gratlation of properties 
is found in this group of elements as has already been stressed 
in the case of the sul])luir group : 

1. With increasing atomic weight of the element the hydride 
becomes less stable. 

2. With increasing atomic weight there is a steady decrease 
in the acidTorming power of corresponding oxides of the elements 
of this group, i.e. arsenic trioxide will be found to be a stronger 
acid-forming oxide than bismuth trioxido. 

The second of these statements forms the key-note to the 
study of the oxy-compounds of the elements of this group. 

Arsenic, Antimony, Bismuth 

Occurrence.—These metals are all found free in nature, 
and also in a state of combination. 

Arsenic occurs widely as sulphide in realgar. As ,83 ; orpimont, 
AsaSa; arsenical pyrites or mispickel, FcAsS ; "cobalt glance, 
CoAsS; nickel glance, NiAsS ; as arsenide in kupfernickcl, 
NiAs; arsenical iron, TcAsg and Fe 4 As 3 ; and as oxide in 
arsenolitc, As^Oo- 

Anliinony is generally found associated with arsenic. It 
occurs as antimony bloom, antimony ochre, Sb^O* , 

stibnite, Sb 2 S 3 ; and antimony blende or red antimony, 

Sb303.2Sb3S3. 

Bismuth occurs rarely in combination with other elements, 
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though bismuth ochre, BijOj, and bismuth glance, BijSa, are 
found. 

Methods of Preparation.—The oxides of arsenic, antimony 
and bismuth are all readily reduced to the metallic state by 
reduction with charcoal, but owing to the comparative scarcity 
of the oxides of these metals, recourse has generally to be made 
to the sulphides. 

In the case of antimony and bismuth, these are roasted in 
order to convert them into the oxides, and the metals are obtained 
by reduction Tsdth charcoal. Antimony sulphide is abo reduced 
by means of scrap iron : 

SbjSa + 50, Sb,04 + 3S0, 

Sb,04+4C->2Sb4-4C0 

(Bismuth sulphide forms the trioxido when it is roasted.) 

Large quantities of arsenic are obtained by heating mispickel. 
The arsenic sublimes and is recovered by condensation. 

Fe AsS —FeS + As. 

Physical Properties.—All three elements are distinctly 
metallic in appearance. Their physical properties are 
summarised in Table 34. 


TABLE 34 


Elemeat« 

Colour. 

Cri'iiAl form. 

SfNVlflO 

f^ravlty. 

Meltlos point* 

Arsenic 

Stool groy 

Hoxngotml 

rhombohedra 

5-737 

480* 

(under pressure) 

Antimony 

Bluish whito 

ft 


6-7-6-8 

630-6® 

Bismuth 

Greyish whito 
with reddish 
tingo. 

ff 


0 823 

271® 


Both bismuth and antimony have the property of expanding on 
solidification. This property of antimony accounts for its use 
in typo metal (75 per cent, lead, 5 per cent, tin, 20 per cent, 
antimony). 

Bismuth is also used extensively in fusible alloys of low melting 
point. Wood's Metal contains 1 part of tin (m.p. 232°); 1 part 
of cadmium (m.p. 321°); 2 parts of lead (m.p. 327°); and 4 parts 
of bismuth (m.p, 271°); yet its melting point is only 60’5°. Such 
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alloys arc cxtcn.sivoly used for safety plugs in boilers, in fire 
alarms, automatic sprinklers, etc. 


Chemical Properties.—None of these elements is readily 
oxidised by exposure to the atmosphere, but the tendency 
towards oxidation increases with the atomic weight. On heating 
in oxygon or in air, vigorous combustion ensues, ^nth the 
formation of the trioxide. Both antimony and arsenic unite 
with chlorine vigorously, bismuth combines with less energy. 
In general, sulphuric and hydrochloric acids exert very little 
solvent action, unless in very concentrated form, when small 
quantities of sulphate and chloride are formed. Nitric acid, 
both dilute and concentrated, attacks bi.^muth vigorously, 
forming bismuth nitrate, BilNOjla; concentrated nitric acid 
oxitlise.s both antimony and arsenic producing oxides of antimony 
and arsenic acid, but the dilute acid has very little action upon 
these two metals. 

Both arsenic and antimony resemble nitrogen and phosphorus 
in forming allotropie modifications. Thus, arsc 7 i{c forms grey 
arsenic (hexagonal system), black arsenic (hexagonal system), 
and yellow arsenic (cubical system). The two latter are both 
obtained from grey arsenic. If this bo heated in a stream of 
hydrogen, black glittering crystals first separate out from the 
vapour pliase, and furtlier on a deposit of yellow crystals is 
obtained. Ihc 3 'ellow variety is best prepared by distilling 
aisenic in a stream of carbon dioxide and suddenly cooling tho 
vapour by passage through a condenser immersed in liquid air. 
liic 3 'cllow variety is soluble in carbon disulphide (cf. yellow 
phosphorus). Ibo separation of the unstable yellow and black 
\ arieties from the vapour of grey arsenic is an illustration of 
Ostwald's law of successive reactions (p. 310). 

Anlivwny not only forms the ordinary grey modification, 
but also a yellow, black and explosive modification. The 
yellow variety is obtained by allowing oxygen to act upon anti¬ 
mony hydride at —90“, whilst at —40^ these substances lead to 
tho deposition of black antimony. Explosive antimony is 
obtained by the electrolysis of strong solutions of antimony 
chloride in hydrochloric acid. An amorphous powder is 
deposited on the platinum cathode, and on scratching this, a 
slight explosion occurs. At the moment of the explosion droplets 
of antimony chloride, which had been held in solution throughout 
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the deposited antimony, are tll^o^^'n out. The yellow, black and 
explosive modifications aro all mctastablc and tend to i)ass into 
the stable grey form. 

The Hydrides op Arsenic and Antimony 
(Arsine, AsHa ; Stibine, SbHj) 

Just as a marked decrease in the stability of the hydrides was 
noted as wc pass from nitrogen to phosphorus, so tlierc is found 
a corresponding change in the stability of the liydrido in j^assing 
from arsenic to antimony. 

Both the hydrides are obtained : 

1. By the action of nascent hydrogen upon soluble salts of 
arsenic or antimony. 

2. By the action of an acid upon a zinc alloy of the metal, e.g.: 

Zn 3 As 5 + 3H ,SO, 3ZnSO, d 2AsH,. 

The zinc alloy is formed by fusing tlic metals together in the 
proportions indicated in the above wjuation. Both tlie.se methods 
give a gas contaminated with a considerable quantity of hydrogen. 
The hydrogen is readily removed by condensing the hydride in 
a U-tubo immersed in liquid air, when the readily condensable 
hydride liquefies. 

Properties.—At ordinary temperatures both hydrides arc 
gaseous. They are intensely poi.sonoiis, and fairly unstable, for, 
when passed through a hot tube complete decomposition into the 
ciciiients ensues. 

The gases burn with a blue flame, forming the oxide AsjOj or 
SbjOa. If a cold porcelain dish is depressed upon the flame, a 
metallic film is produced. If passed into a solution of silver 
nitrate, the two hj’^drides behave differently. Arsine reduces 
silver nitrate to metallic silver and is itself oxidised to arscuious 
acid, which remains dissolved in the solution, 

AsH, + 6AgN0, + 3HaO~^ 6 Ag + GHNOa + H 3 ASO 3 . 

On the other hand, stibine forms a precipitate of silver antirnonido, 
the whole of the antimony being removed from the solution. 

SbH, + 3 AgNO,-> Ag 3 Sb + 3HNO,. 

Marsh's Test.—The detection of small quantities of arsenic 
{and antimony) is beat carried out as follows: The substance 
suspected of containing arsenic is introduced into a generating 
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flask with zinc and sulphuric acid (both of which must bo free 
from arsenic). The issuing gases arc led through a hard glass 
tube draum out to a constriction in the middle. At this point a 
Bun.'sen flame is placed. If arsine is evolved, it will be decomposed 
as it passes through the constriction, and a black mirror is 
depo.sited in the cool portion of the tube. Stibinc gives a similar 
deposit, but it is possible to distinguish between the two mirrors 
by the fact that the loss volatile antimony is found nearer the 
Imt portion of the tube. Moreover, the ar-senic mirror is soluble 
in a solution of sodium hypochlorite, while the antimony one is 
not (Fig. 90). 



By forming a scries of standard mirrors from kno^Mi amounts of 
arsenic, it is possible to estimate closely the quantity of arsenic 
present by comparing the mirror formed with that of the nearest 
standard mirror. 

The gradation in the properties of the hydrides of nitrogen, 
j)hosi)horus, arsenic and antimony is seen not only in their 
decreased stability towards heat, but also in the fact that neither 
arsino nor stibine shows any tendency to form salts corresponding 
to the ammonium and phosphonium salts; they have lost the 
basic property possessed by both ammonia and phosphine. This 
point is further exemplified by the non-e.\istcnco of a hydiido 
of bismuth. 

The Halides of Arsenic, Antimony, and Bismuth 

The halides of these elements may bo classed in two groups: 

1. Tlio comparatively stable tri-halides. 

2. The unstable penta-halides. 
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Tri'halMos, 


AsFj 

AsCU 

AsBr, 

Asia 

AsKs 

AsClg 

Lir|ui(I 

Liquid 

Solid 

Solid 

Gius 

Liquid 

M.p.-S® 

M.p.-18* 

M.p. 31“ 

M.p. 140“ 



SI 1 K 3 

SbCl-, 

SbBr, 

Sbla 

SbFj 

SbC I 5 

Solid 

Solid 

Solid 

Solid 

Liquid 

Liquid 


M.p. 73“ 

M.]). 92“ 

M.p. 167“ 



biFj 

bids 

BiBrj 

Bila 



Solid 

Solid 

Solid 

Solid 



— 

M.p. 230“ 

M.p. 215“ 

M.p. 439“ 




Tlie tri-halides may all be j^repared by the direct combination 
of the elements, e.g. : 

2^\s +3Br,^2AsBr,. 

The tri-fluoridc 3 and tri-chhirides arc also readily obtained 
by the action of the halogen acid upon the oxide of the metal. 
The liquor is concentrated and tlien subjected to distillation, 
when the volatile halide passes over in the pure state. 

BUO, + OHE->2BiE3 +3H,0 
SbjOa 4- GHCI->2SbCl3 + 311,0 

Tlie above table brings out in a very striking way the change 
in the physical pro[M'rtie 3 of these halides broiiglit about by 
changing not only the halogen but also the other clement. 

The penta-fuilides are most readily prepared by passing the 
halogen through the tri-halide at a low temperature. The 
object of carrying out the operation at a low temperature is to 
retard the dissociation of the penta-halide—a dLssociation which 
ia strongly aflected by a rise of tcmi)eraturo. 

SbCU^ Sba,+ Cl,. 

There seems still a Uttle doubt as to whether the substance 
formexl by passing cldorine through arsenic trichloride at 28 
is n^ally AsClj, although the analysis agrees with that formula. 
It is maintained by some that merely a solution of chlorine in 
arsenic trichloride is obtained. The penta-fluorides are much 
more stable than the penta-chlorides, the latter readily dis¬ 
sociating into free chlorine and the tri-halide. 

Under the action of water, the tri-halides (excepting the 
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tri(luoii«lc of iintinumy) at once hydrolyse, with the precipitation 
of an oxide or basic salt. 

2AsCijd (;H()II-^2 As((>H),- 1 CTICI—>As,0,i +3H,0-1 (IHCl 
Sh('l3 d- 2H()I[^Sb(()M),,( ■! -h 21I(’l^SI)OCl -V -f- HA) d- 21ia 
lliCl^ d 2HA>—>Ei(()lI)i.'l d--HlC'I^BiOC:U d-H ,,0 d'liHCl 

The hydrolysis of these halides is very similar to that of 
phosphorus trichloride, 

PClad-SIIaO^SIICl d-H(0H)3, 

cxcoj>t that in the case of phosphoiii.s tri(*hloride the hydrolysis 
effected l\v excess of water proceeils practically to a com¬ 
pletion, whilst the hydrolysis of the trihalides of arsenic, antimony 
and bismuth is strictly reversible, i.c. a delinite equilibrium 
d(“pcmling upon the concentrations of the reacting substances is 
established. This can readily be observed by noting the effect 
produced by pouring antimony or bismuth trichloride into 
water or into concentrated hydrochloric acid. In the first case, 
a eoj)iou8 preeij)itate is formed, in (he second the presence of the 
acid throws back the equilibrium so effectively as to prevent 
the separation of any basic salt. 

The Oxides and Hydroxides of Arsenic, Antimony and 

Bismuth : Their Ampiioterio Nature 

Tf arsenious oxide is shaken with water, a weak solution of 
arsenious hydroxide is obtained, 

As^Oj d- 3HaO ^=z± 2 As(OH)5. 

If hydrochloric acid is added to thi.s solution, the reaction 

As(0II)3 + 3HC1 AsCU d- 3H,0 

sets in, and the removal of the arsenious hydroxide upsets the 
equilibrium expressed in the equation : 

As^O, + 3HaO ^ 2 As(0H)3. 

As a consequence, further arsenious oxide dissolves, in order to 
restore the cq^uilibrium amount of arsenious hydroxide. In 
short, there is a steady solution of arsenious oxide with the 
formation of arsenious chloride (AsClg). The neutralisation of 
the arsenious hydroxide by the hydrochloric acid, 
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As(OH), + 3HC1—> AsCl, + 311,0 

Biiso. 4* Acid. Salt. + Water. 

is essentially and fundamentally the same as the neutralisation 
of sodium hydroxide by means of hydrochloric acid, 

NaOH -f HCl-> NaCl -f H,0 

Acid. Salt. Water. 

except that in the one case, the reaction proceeds to completion, 
whilst in the other the reaction is reversible, and leads to an 
equilibrium. The solution of arsenious oxide or hydroxide in 
such an acid as hydrochloric acid, therefore, emphasises the 
capacity of this substance to behave as a base. 

On the other hand, if a solution of arsenious oxide (i.e. hydr¬ 
oxide) is treated with sodium hydro.xide, it is found that the oxide 
i(i.e. hydroxide) passes into solution, and from this solution one 
can obtain on evaporation a sodium salt—sodium arsenite. The 
reaction is represented in the equation : 

As(0 H)3 + 3NaOH ^ Na^^YsO, + 3H jO. 

Acid. Base. Suit. tVutor. 

Here, again, no difference can be observed from the normal 
neutralisation of an acid by a base. 

HCl 4- NaOH ^ NaCl 4- H ,0 

Acid. Boso. Suit. Wuter. 

This capacity of arsenious hydroxide to beliave either as a base 
or as an acid is of extreme importance. A similar behaviour is 
shown by antimony hydroxide, but not by bismuth hydroxide. 

Sb(OH), 4-3Ha->.SbCI, 4- 3H,0 

Boso. Acid. Suit. WuU;r. 

Sb(OH)a 4 -3NaOHNaaSbO, 4“ 3H,0 

Acid. Buao. Suit. Wntor. 

Whether a hydroxide such os the above will behave as a weak 
base or as a weak acid, will bo determined by tlio nature of 
the compound added. In the presence of a strong base tho 
weakly acidic nature of the hydroxide will come to tho fore, 
whilst in tho presence of a strong acid the w’eakly basic nature 
of the hydroxide will cause it to function as a base. 

Oxides or hydroxides which have the power of behaving either as 
an aeidic or basic oxide {or hydroxide), according to whether tJiey 
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are reartirtg with a strong base or with a strong acid, are known as 
amphoteric oxides or hydroxides. 

The Position in the Periodic Table of the Elements 
forminj^ Amphoteric Oxides.— In tlic discussion dealing with 
the Periodic Law it was cinj)hasLsed tliat, as one moved from 
left to riglit in tlic table (i.c. from Group 1 to Group 8 ), the 
nature of the oxide undergoes a considerable change—the strongly 
basic oxides of Group 1 passing gradually into the acidic oxides 
of Group 8 . The ehoneaits in the groups towards the centre of 
the table, Groups 3, 4, .'5, are therefore more likely to show the 
jiroperty of an»plK)terism. The majority of the elements forming 
(his type of oxide fall into these groups, though it may be 
mentioned that no group except Group 0 is free from examples of 
amphotcrism. 

becon<lly, if one considers an clement which forms several 
oxides, it may hapj>en that the lowest oxide is basic, the highest 
acidic, and in such a case the middle oxides are generally ampho¬ 
teric. Thus, chromium forms the oxides, CrO (basic), CrjO, 
(amphoteric), CrOj (acidic). 

Again, if one compares the corresponding oxides of a group of 
related elements, e.g. N^Oj, As^O^. Sb^Og, Bi^O^, owing 

to the fact that there is a general weakening in the acidic properties 
of the oxide as wc pass dowTi such a group, it is generally found 
that if the first oxide of the group is acidic, the last is basic, and 
some at least of the intervening oxides are amphoteric. Hence : 

N 2 O 3 , acidic; P 2 O 3 , acidic; ASgOa, amphoteric; SbjOa, 
amphoteric; BijOa, basic. 

On the other hand, owing to the increase in the acid properties 
of the oxide produced by the increased proportion of oxygen 
piesent in the pentoxidcs, all these are more or less acidic in their 
behaviour : 

NjOs, strongly acidic ; strongly acidic ; As^Og, weakly 

acidic ; SbaOs, weakly acidic ; BijOj, very weakly acidic. 

A correct appreciation of the significance of the foregoing 
remarks with regard to the amphoteric behaviour of the trioxides 
of arsenic and antimony, coupled with the recognition of the 
periodic variation in the character of the oxide produced by the 
increased atomic weight of the element, supplies the key-note 
to the chemistry of the fifth group of elements. 
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The Oxides akd Oxy*Compounds of Arsenic, Antimony 

AND BIS5IUTH 


Tlie following ta!)le summarises the more important oxy- 
compouiids of these elements : 


OXIDK. 

Suboxido Hismuth suboxidt*, Bi.O| 
Trioxido Arsenic trioxido, AsjOj 

(arsenioua oxido) 

Antimony trioxido, Sl )|03 
(antimonioua oxidu) 


Acin. 

Orlho-arsonioiLS acid, H 3 A 8 OJ 
Pyro-arsonioua acid, H^AsjOj 
Meta-arstJiiioxis arid, HAsO, 
Orth o-antirnonious acid, 
HaSbOs 

Pyru-an t im on ious acid, 
H,Sb ,05 

Motn-a ntimonious acid, 


HSbO, 


Tetroxido 

Pontoxido 


Bismuth trioxido, BijOs 
Antimony totroxido, Sb,0| 

Arsenic pontoxide, AbjOj 
( arsenic oxide) 

Antimony pontoxido, Sb,0 
(antimonic oxido) 


Bismuth pontoxido, BijOs 
(bUmutliic oxide) 


Hypo-ant imonic acid, 
H,Sb ,03 

Ortho-arsenic acid, H-iAsO, 
Pyro-arsenic acid, H^As^O; 
M*otu-orsenic acid, HAsOa 
Ortlio-a n t i m o u i o acid, 
HnSbOi 

Pyro-ant imonic acid, 

H.SbjO, 

Mcta-antiinonic acid, HSb 03 
Meta-bismuthic acid, HBiOj 


Arsenic Trioxide—Arsenioos Acid 

Arsenic Trioxide.—Small quantifies of arsenic trioxido 
occur naturally, but the main supply of this compound is obtained 
during the roasting of arsenical ores. Direct oxidation of the 
arsenic to the trioxido ensues, and this volatile oxide is separated 
from the flue gases by passage through a series of flues, when it 
separates os a fine powder. It is also obtained by the direct 
oxidation of arsenic by nitric acid. It is put on the market as 
“ white arsenic ” and occasionally as “ arsenic.** 

Properties.—Three well-defined modifications occur : 

(a) The amorphous variety which first separates out when the 
vapour of arsenic trioxide is slowly condensed. This form is a 
colourless, vitreous, transparent mass which has an appreciable 
solubility in water. It can be prescn'cd in sealed tubes, but on 
exposure to the atmosphere it changes slowly into well-defined 
crystals of octahedral arsenic trioxido. The formation of this 
unstable variety is another illustration of the separation of the 

unstable phase first (Ostwald’s Law of Successive Reactions). 

z 
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The octalicdral variety is formed as above, or by the rapid 
cooling of the vapour of arsenic trioxide, or by crystallisation 
from an arjiieous solution of the oxide. This form is much less 
soluble than the unstable amorjihous variety. 

(r) Prismatic arsenic trioxide (monoelinie system) formed by 
crystallisation from a hot saturated solution of arsenic trioxido 
in potassium hydroxide. 

Arsenious oxide is a powerful poison. It is oxidised to arsenic 
acid by such oxidising agents as iodine, strong nitric acid, etc. 
\’ai)our density measurements show that the molecule is repre¬ 
sented by the formula, As 40 e. 

Arsenious Acid, H 3 .\s 03 .—The aqueous solution of arsenic 
trioxide has a feebly acid reaction, i)re.-<umably through the 
forinali(m of arsenious acid. Owing to the ease with which this 
acid is dehydrated, it has never been isolated in the pure state, 

2H3As03-> As-Oj + 3 H 3 O, 

though many well-defined ortho-arsenites (e.g. NajAsOs), 
pyro-arsenites (e.g. CajAsjOj), and meta-arsenites (e.g. KAsOj) 
are knou n. On account of the weak acidic nature of arsenious 
acid, the ai“senites undergo very far-reaching hydrolysis, on 
solution in water, and consequently show a marked alkaline 
reaction. 

Na 3 A.s 03 d-ail^O As{OU)^ + 3NaOH. 

Hie arsenite.s of the alkalies are easily soluble in water, but the 
arseniles of the heavy metals arc all insoluble. 

Arsenious acid and its salts arc mild reducing agents, and 
readily i)ass into arsenates. 

Na3As03 + H 3 O +1,-> Nn3As04 + 2HI 

On heating they behave like the phosphites, i.e. they undergo 
auto-oxidation and pass into free ai'senic and arsenate. 

Besides the salts (arsenites) formed from arsenic trioxide when 
it behaves as an acid, a few salts exist wherein the arsenic 
trioxido undoubtedly exerts its basic function. Thus arsenic 
trichloride can be formed by the direct action of hydrochloric 
acid upon the trioxide. 

Antimony Trioxide. Antimonious Acid 

Antimony Trioxide is prepared by burning antimony in air, 
by heating it in a current of steam, or by the decomposition of 
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antimony trichloride or sulphate by means of an alkaline carbon¬ 
ate or hydroxide. After treating the trichloride with hot water, 

SbCla + 3HOH^Sb(OII)3 d- 3II('l, 

the partially dehydrated hydroxide is thoroughly washed, and 
gently heated in order to form the oxide. 

i\jitimony trioxide is a Mhite powder which sublimes at a high 
temperature. The vapour which has a density corrcsj)onding 
to the formula SbiOc, condenses in two distinct allotropie 
modifications—prismatic needles of the rhombic system and 
regular octahedra of the regular system. The trioxido is 
practically insoluble in water, dilute nitric acid or sulphuric 
acid, but dissolves freely in hydrochloric acid, forming antimony 
trichloride. It is also soluble in aqueous solutions of acid 
potassium tartrate, forming potassium antimonyl tartrate 
(tartar emetic), 2 [(Sl) 0 )K(C 4 Hj() 6 )]H 20 . 

The amphoteric nature of antimony trioxide accounts for the 
dual type of salt derived from this oxide. Thus, when treated 
with concentrated acid, such salts as the nitrate, sulphate, 
chloride, acetate, are formed. These salts, formed as they are 
of a weak base and a strong acid, are strongly hydrolysed in 
aqueous sohition, and throw down either a basic salt or the 
hydroxide itself. On the other hand, antimony trioxide, in iU 
capacity to react as an acid, will also dissolve in strong bases, 
forming the ortho-antimonites. 

GNaOH^rizi 2Na3Sb05+ 311,0. 

Similarly the meta-antimonites, o.g. NaSb02,3H,0, have been 
prepared. This particular sodium si\\t is of interest owing to its 
insolubility. No pyro-antiinonites have as yet been isolated. 
Ortho-antimonious acid is readily prepared by decomposing 
tartar emetic with sulphuric or nitric acid. The antimony 
sulphate (nitrate) at first formed immediatidy hydrolyses, and 
throws down a jirccipitate of white Sb(0H)3. By cautious 
dehydration the meta-antimonious acid can be obtained, 
HSbO,. l^yroantimonious acid lias also been reported. 

Bismuth Thioxide and Its Salts 

Bismuth trioxide is formed when the metal is burnt in air, 
or when the hydrated oxide, carbonate or nitrate is calcined. It 
is a creamy coloured powder, unacted upon by water. All other 
oxides of bismuth arc converted into the trioxide on heating. 
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As is to 1)0 expoctod from tlio position of bismuth in the fifth 
^odiip of clcnuMits, lli(' f)xi<l(i liijOj has no acidic jiroperties 
whatever. It is a iveaUl}' basic oxide, and,as such,di-ssolvcs in 
nearly all acids to form salts, c.g. nitrate Ri(N03)3, sulphate 
Hi2(SOj)3. chloride IhCla, etc. Owing to the weakness of bismuth 
oxide as a l>a.se, all the salts of bismuth undergo considerable 
hydrolysis on treatment with water, and almost complete 
j)reeipitalion of the bismuth in the form of a basic salt occurs. 


AiisKNic Pkntoxide. Arsenic Acid 

Arsenic Pentoxide is formed by the oxidation of arsenious 
acid with strong nitric acid, with subsequent beating of the 
arsenic acid in order to dehydrate it: 

2H 3 ASO,AS 3O, + 3H 2O. 

I he pentoxide is frccl3' soluble in water, forming ortho-arsenic 
acid. On heating the pentoxide, it decomposes thus : 

AsjOs—As.Oa + Oj. 

Ortlio-arscnic Acid is formed cither from arsenious acid as 
above, or bj' the solution of arsenic jientoxide in water. If the 
oi'tho-acid is heated to 140-180°, it pas.scs into the pyro-acid, 
lI^AsjO,, which on heating above 200° forms meta-arsenic acid, 
HAsO^. The analogy with phosphorus is very complete up to 
t his stage, but whilst mcta-phosjihoric acid cannot be dehydrated, 
the heating of nieta-arsenic acid to a dull redness causes complete 
dehydration with the formation of the anhydride, As^Og. 

A([ueous solutions of j)yro- and meta-arscnic acid arc unstable, 
and at once pass into ortho-arsenic acid. On the other liand, 
pyro- and meta-jihosphoric acids are comparatively stable in 
a)iueou.s solution, passing but slowly into the ortho-acid. 

Antimony Pentoxide—Antimonic Acid 

Antimony Pentoxide is prepared by the action of strong 
nitric acid upon antimony, as well as by the dchj'dration of 
antimonic acid at temperatures not exceeding 275°. It is a 
straw-coloured powder, almost insoluble in water. Although 
antimony pentoxide does not pass into antimonic acid, the 
inverse process takes place so freely as to leave little doubt that 
antimony pentoxide is the anhydride of antimonic acid. 

Antimonic acid, like its analogues phosphoric and arsenic 
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acids, occurs in three forms—ortbo-antimonic acid, H 3 Sb 04 : 
pyro-aiitimonic acid, H 4 Sb .07 ; and nicta-antimonic acid, 
HSbOj. Ortko-anthnonic acid is formed by oxidising antimony 
trichloride with nitric acid and diluting the solution \\ith water. 
The white powder, 2 H 3 Sb 04 .Hi 0 , is dehydrated by standing 
over sulphuric acid in a desiccator. On heating to 200* it pa.sses 
uito pt/ro~a}it{nionic acid. This is also obtained by hydrolysing 
antimony pentacliloride with hot water. 

2SbCIj d-THOH^H^SbjO, + lOHCI. 

Meia-anlhnonic acid is obtamed by heating tin? i)yro-acid above 
200*. Solutions of all three antimonic acids in hydrochloric 
acid liberate iodine from potassium iodide. Nearly all anti- 
monates are derived from meta-antimonic acid, though a few 
salts of ortho-antimonic acid (e.g., AlSbO,) and pyro-antimonic 
acid (e.g., K-HjSbjO,) are known. 

Bismuth Pentoxide (Bismuthic Acid), Bismuth Tetroxide 

By the prolonged action of chlorine upon a st)lution of potassium 
hydro.xide in which bismuth trioxide is suspended, undoubted 
oxidation of the bismuth occurs. By some it is claimed that 
potassium meta-bismuthate, KBiOj, separates out, whilst it 
has been recently asserted tliat a mixture of the pentoxide and a 
tetroxide results. The pentoxide is best prepared by the action 
of ammonium i)ersulphato upon bismuth trioxido suspended in 
sodium hydroxide. Treatment wdth hot nitric acid removes 
the small quantities of the tetroxide formed, and a brown powder 
of the composition BijOj.HjO is left. Although this formula 
coiresporuLs to that of a passible bismuthic acid, HBiOj, this 
compound has no acidic properties, and apjiears to bo a definite 
hydrated oxide. 

Bismuth tetroxide has also been separated from the product 
of the reaction between chlorine, bismuth trioxide and potassium 
hydroxide. It dissolves in hot nitric acid, liberating oxygen, 
while it oxidises manganous salts to permanganates in the cold. 

Other Oxides 

Antimony Tetroxide, SbjOj, is formed by the prolonged 
heating in air of the trioxido or pentoxide at 000-700 C. It is 
a wliitc, non-volatile powder which is little acted upon by acids, 
except concentrated hydrochloric acid, in which it is slightly 
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s(iliil)l«‘. Rv fusion witli 
Iho torinnla M.Sli.O. aro 

• to 

is to l)(‘ fonsidorod tlio 


llio alkali hydroxides, compounds of 

obtained, hence antiim)nv Udroxidc 

% 

anliydride of liypo-antimoiiic acid, 


Bismuth suboxide, (RiO), where x Ls probably 2, is obtained 
by the decomposition of a basic oxalate of bismuth at 250-270'* 
in the absence of oxygen. It is a black powder, which on 
exposure to air sj)ontaneou.sly passes into the yellow trioxide, 
and wliich, when treated with the vapour of methyl iodide at 2G0®, 
yields red crystals of bismuth subiodidc (Bilj). These crystals 
are readily volatilised, and form long needle-liko crystals of the 
ortho-rhombic system. Tho existence of bismuth suboxido 
and subiodidc is an interesting example of the tendency shown 
by tho members oeeurring at the bottom of each grouptoyield 
two or more types of salts of different degree of oxidation. 

The iSuLi’HinKS of Arsenic, Antimony and Bismuth 


The following sulphides are known : 



Trhtil|>hMo3. 

rcntQsulphlilcs. 

AsjSj rod 

AsjS, yellow 

SbjSa oruiiRO 

BijSj browni.sh bltvok 

ABjSj yellow 

Sb,S 5 orange 

1 


Of these realgar (AsjSj), orpiment (As^Sa), stibnito (Sb^Sj) and 
bismuth jglanee (Bi^Sg) occur naturally. 

Tho trisulj)hides arc obtained by passing hydrogen sulphide 
througli a solution of tho requisite salt dissolved in hydro¬ 
chloric acid : 

2AsCh-\-3US->AsS^ i +GHa 

Antimony pentasuljihide is formed by the action of hydrogen 
sulphide upon a solution of antimony pentachloride acidified 
with tartaric acid. 

2ShCU + 5US^SbSi i + lOHCl. 

Arsenic pentasulphide, however, can bo obtained by fusing 
together the elements in tho correct proportions. It can best 
be prepared by tho action of cold hydrochloric acid upon 
ammonium thioarsenate (^.v.). 

2(NH,)3AsS, 4- 0HC1->As,S 5 i d-SHjS + CNH^a. 
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Tde Tnio- OR SuLPHO- Salts of Arsenic and Antimony 

Thio-arsenites and Thio-antimonites.—When antimony 
trisulphide is fused with potassium hydroxide or boiled with its 
aqueous solution, potasvsium thio-antimonite and potassium 
meta-antimonite are formed. 

2Sb^, -f 4KOH-^ 3KSbS, + KSbO, + 2H,0. 

Arsenic trisulphide behaves similarly. On treatment w'ith 
dilute hydrochloric acid, the thio-antimonite reprecipitates the 
trisulphide : 

2KSbS, 4- Sb^S, + + 2KC1. 

Bismuth sulphide, however, is unacted upon by an aqueous 
solution of potassium hydroxide or sulphide. 

The striking analogy between the sulphur and o.\y-com pounds 
of arsenic (and antimony) is emphasised in the following table, 
a complete series of thio-acids corresponding to arscuiious and 
antimonious acids as well as to arsenic and antimonic acids 
existing. 


Oxide. 

Add. 

1 

Sulphide. 

Thlo^add. 

AfljOs 

HaAftOa 

As,S3 

HaAsSa 

Sb.Oj 

HaSbOj 

SbjSj 

HaSbSa 

AbjOj 

H 3 Afl 04 

AbjSj 

H3A8S4 

Sb.Og 

HjSbO* 

SbjS, 

HjSbS* 


Besides the ortho'thioacids, there also exist pyro- and meta- 
acids and compounds of the -ous and -ic tyjie. All such acids 
undergo decomposition on the addition of acid with the preci* 
pitation of the penta-sulphides. 

The reactions discussed in the preceding section are frequently 
made use of in the separation of the sulphides of arsenic, antimony 
and tin from other sulphides. When the sulphides of these 
elements are treated with ammonium sulphide, the soluble 
thio-salts of arsenic, antimony and tin are formed, and in this 
way a separation e0ccted. In practice, one generally uses a 
yellow ammonium sulphide, i.e. ammonium sulphide containing 
in solution one or more atoms of sulphur in excess of that 
demanded by the formula (NH 4 ) 2 S, and this dissolved sulphur 
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is capal)Ic of oxidising the tliio-arsonites and antimonitea into 
tlie thio-ar.sonatos and -antirnonatos. 

+ 3(NH,)2S + 2(NHj,SbS,. 

After filtering the solution of ammonium thio-arsenate and 
antirnonate from the other suljdiides, the solution of thio-salts 
is treated with liydrochloric acid, and the peiitasulphidcs thrown 
down for further treatment. 

N Vanadium, Niobium, Tantalum 

I These elements belong to Group 5*4, and, as 

P sueh. are to bo exi)ected to show a general 

^ similarity to the elements of Group 5B. This 

V \ is indicated in the group arrangement. 


As 


$ 

I Vanadium occurs in a few minerals (vana- 

( Sb dinite, pucherite. etc.), as wellas in certain iron 

— I ores. The ores are generally heated with sodium 

I carbonate and tlie soluble vanadate so formed 

I. extracted with water. This solution is then treated 

lii with ammonium chloride, and ammonium vana- 

date, NH4VO3, separates out. On heating this 
salt, the pentoxide is loft* 

Vanadium forma a series of oxides similar to nitrogen : 

VjO, V^Oj or VO, VjO,, V^O* or VO^, V^- 

Of these, the lower oxides are feebly basic, the higher amphoteric. 

Numerous chlorides arc formed—VCl,. VCI3, VCI4, VOClj. 

The few salts formed from the oxide VO, e.g. VSO 4 , are readily 
oxidised by oxygen, etc. 

The salts of trivalent vanadium, e.g. V^SO^),, are also 
relatively unstable, on account of the weakness of the base. 
Vanadmm gives a well defined series of acids-ortho-vanadic 

H 4 VA, and meta-vanacUc 
acid, HVO 3 . Buniig recent years vanadium has sprung into 

commercial importance, owing to its property of increasing 
the hardness and tensile strength of steel. 

Niobium and Tantalum occur in the minerals, tantaUto 
and columbite Niobium gives a mono-, di-, and pent-oxido, 
the first two of winch are basic, the last is acidic and forms 

mobates Tantalum gives a dioxido and a pentoxide from which 
the tantalates are derived. 


Sb 


Ta 
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Qijestions 

1. Describe aiul discuss the hydrides of the nitrogen group of elemente. 

2. Give a genera! account of the oxides and liydroxides of pliospliorus, 
arsenic and antimony. 

3. Discuss tlio importonco of t!io tliio-snlts of arsenic and antimony in 
qualitative analysis. 

4. \Vhot is an amphoteric hydroxide ? Show how tho properties 
of tho element, arsenic, and ita compounds, un> correlated with tho 
properties of ita hydroxides. 

5. Using antimony and bismuth ns examples, show how tho increasing 
oxygon content of oxidea inodifiea tho properties of tho oxido and 
of tho salts derived tlierefrom. 

6. How do you account for tho precipitation of tho liigher sulphide 
of arsenic by tho action of liydrogcn sulphido upon a solution of arsenic 
acid in hydrochloric acid. 

7. Compare the action of water upon tho chlorides of nitrogen, plios- 
phorus, arsonic, antimony and bismuth. 

8. How would you prepare arsine, arsonic acid and arsonious clilorido 
from arsenic ? 

9. What happens when orsonious oxide is treated (o) witJj hyd rochloric 
^id, (6) with a solution of sodium hydroxide, (c) with o solution of ammon¬ 
ium hydroxide ? 

10. Comporo tho physical and cliomical pro^wrlios of tho olementa of 
the nitrogen family. 



CHAPTER XXIII 
CARBON AND ITS OXIDES 


General.—Carbon is tlie first element of the fourth f^oup. 
Althoiijih often elassed witli the elements of Group AU (ger¬ 
manium. tin and h'a<l), in many ways it displays an equally 
striking likeness to the elements of Group4,-l (titanium, zirconium, 
cerium and thorium). The reason of this has been discussed in 
Chapter XVH on the Periodic Law (p. 201). 

Carbon and its analogues form oxides of the typo MO„ 
hydrides of the formula MH^ and chlorides of the formula 
MCI 4 . J ho position of carbon, midway between the basic 
element lithium, and the acidic fluorine, would lead one to 
expect that carbon dioxide would not liavo very pronounced 
acidic jiropertics, and in point of fact, carbon dioxide is one of the 
weakest acidic oxides kno^vn. 


Occurrence. Carbon occurs free in nature ns the diamond, 
gra])hite and, in a less pure form, as coal. Moreover, considerable 
quantities of carbon in a state of combination are found in the 
earth s atmosphere as carbon dioxide, while enormous amounts 
exist as carbonates in beds of limestone and dolomite. 

Modifications. Three well-defined modifications of carbon 
arc known : ( 1 ) diamond ; ( 2 ) graphite ; ( 3 ) amorphous carbon, 
including charcoal of various sources, coal, coke. 

Ihcse varieties differ very much, especially in their physical 
piopcrtics. Their chemical identity is estnblishod by the fact 
that equal weights of each variety of carbon in the pure state, 
when burnt, produce exactly the same weight of carbon dioxide, 
though the fact that a different amount of heat energy is liberated 
by the combustion of the atomic quantity of amorphous carbon, 
diamond and graphite respectively is a conclusive proof that 
these represent different allotropic modifications, each of these 
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being associatt-d with its own definite quantity of lieat per unit of 
weight: Diamond, 03-24 Cals. ; graphite, 03-36 Cals. ; charcoal, 
96-08 Cals. At high temperatures (3000'^ ami above) amor¬ 
phous carbon i.s the least stable of the tliree, while grajdiite 
appears the mo.st stable. On the otlior hand, at low tempera¬ 
tures (200®-500®) it appears j)robable that the diamond is the 
most stable, so that at some temperature between 200®-3000® 
graphite and the diamond mu.st jmssess a definite transition 
point. 

Diamonds are found in India, S. ^Africa, Brazil, Borneo 
and Australia. They are generally found in a more or less 
rounded condition, but they belong to the cubic system (regular). 
The diamond is brittle and very hard, the carbide of boron being 
the only substance which approaches it in hardness. It is a 
non-conductor of electricity and has a specific gravity of about 
3*51 (compare graphite, 2-5; amorphous carbon, 1-45-T70). 
Owing to its high refractive index, 3-5, the facets of the diarnonrl 
sparkle with extreme brilliance. The diamond is insoluble in 
all liquids, and when burnt in an atmosphere of oxygen, a 
trace of ash is left and the whole of the carbon is converted into 
carbon dioxide. 

The high price of diamonds has been responsible for many 
attempts to produce them artificially. The most promising 
results have been achieved by Moissan. He dissolved carbon 
m molten iron at a temperature of 3000® attained by means of 
his electric arc furnace. Ho tluui cooled the mass to a dull red 
heat by plunging the molten mass into water, thereby catising 
a high pressure to be exerted on the still liquid interior. After 
dissolving the iron out of the kernel, there were found amongst 
the residue a few microscopic crystals which Moissan was able 
to show possessed the properties and the composition of the 

diamond. 

Graphite is widely distributed in nature, occurring in Cumber¬ 
land, Ceylon, California and Siberia. Traces have also been 
found in meteoric iron. Graphite is soft, almost soapy to the 
touch, hence its use as a lubricant. It is a good conductor 
both of heat and of electricity. A variety of graphite is used 
for electric light arcs, batteries, etc. It is made by first grinding 
coke with coal tar or molasses, moulding the paste to the desired 
shape and baking the product in the electric furnace. The non- 
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reactivity of graphite has opened up a big field for the utilisation 
of this substance as anode in many electrolytic processes. 
Another technical application is in tlie lead i)encil industry, the 
lead of sucli pencils consisting of powden-d graphite, mixed 
with claj' and sand. (Jraphitc crystallises in the hexagonal system. 


Amorphous Carbon embraces all those varieties without a 
definite crystalline structure. Tlie commonest forms are lamp¬ 
black, coke and charcoal. None of these are jmre, though lamp¬ 
black approximates to 100 per cent, carbon in its composition. 

Lampl)lack is obtained by burning substances rich in carbon 
in a limited supply of air. The smoke, heavily charged with 
I)articlcs of carbon, is sent through chambers in wliich blankets 
are hung. On these the lampblack settles. The hydrocarbons 
gcncially i)rescnt in lampblack may be got rid of by heating to 
a dull redness in a stream of chlorine. Lampblack is used in 
the manufacture of printer’s ink, black varnish, etc. 


Coke Is obtained by heating coal in a closed vessel. About 
!)0 per cent, of the coke consists of carbon, the balance repre¬ 
senting the ash of tlie coal. 


Wood Charcoal is formed by the destructive distillation of 
wood. This is efTcctcd either in stacks or in retorts. In the 
older method, stacks of wood are covered with brushwood and 
finally with turf. Tlio stack is lightcil by lowering a candle 
down a central shaft. Tiic requisite draught is obtained by 
adjusting small holes left in tlie turf. In about fifteen days the 
carbonisation is complete. This method entails a complete loss 
of all the volatile products of the distillation. 

In the retort method, the volatile products are caught. The 
easily condensable substances, consisting of wood spirit (metliyl 
alcohol), tar, acetone, and acetic acid are utilised in industry, 
the non-condcnsablo gases, hydrogen, carbon monoxide, methane, 
etc., being used for heating purposes. Very pure carbon may 
be made by the destructive distillation of sugar, followed by 
the ignition of the carbonaceous product in a stream of chlorine. 

Properties of Carbon.—The amorphous form of carbon 
has the power of adsorbing on its surface considerable quantities 
of gases, dye-stuffs, etc. Thus Fa\T0 has estimated that 1 c.c. 
of wood cliarcoal will adsorb the follo;ving amounts of the 
various gases at ordinary temperatures : 
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Atlsorbod gas. 
Ammonia 

Hydrogen cliloride - 
Sulj)luir dioxide 
Carbon dioxule 


Quantity adsorbed. 

. 178 c.c. 

. l(i(i c.c. 

. IGo c.c. 

1)7 c.c. 


whilst Dewar has shown that the amount adsorbed increases 
.strongly as the temperature falls {15 c.c. of nitrogen are adsorbed 
by 1 c.c. of wood charcoal at 0° and 700 mm., 155 c.c. at — 185® 
and 700 mm.). 

Just as certain gases may readily be eliminated by the adsorb¬ 
ing action of charcoal, so al.so may dissolved or suspended matter 
be removed by this means. Thus, filtration through charcoal 
will remove fusel oil from whiskey, litmus from its solution, 
strychnine from its aqueous solutions and so on. Ciiarcoal 
filters are often used for the purification of drinking water, the 
charcoal removing from the water deleterious organic matter ; 
but such filters may become a source of danger unless frequently 
cleansed by calcination to a red heat, as the charcoal soon 
acquires its maximum charge of adsorbed material. 

Another example of the commercial utilisation of the adsorbing 
powers of charcoal is the decolorising of sugar. For this purpose 
animal charcoal is generally used. This is obtained by heating 
bones, etc., in closed retorts {see p. 305). The bone charcoal 
consists of 10 per cent, carbon, 88 per cent, calcium phosphate, 
and 2 per cent, other inorganic sub.stancc, but whatever carbon 
is pre.sent, is so spread through the cellular structure of the 
calcium pho.sphate that it is in a highly reactive state. On 
boiling such bone charcoal with brown sugar, the colouring 
matter is completely removed. 

Another property W’hich is posse.ssed in a marked degree by 
amorj)hous charcoal is its reducing power. The metallic oxides, 
when heated strongly with finely divided charcoal are generally 
reduced to the metallic state : 

ZnO + C->Zn+CO 
FeO H-C—^Fe +CO. 

Advantage is frequently taken of this in the various metallurgical 
ojK*rations. Graphite, too, has considerable reducing powers, 
but owing to its greater cost is seldom used for this purpose. 
Carbon combines with hydrogen under the stimulus of the 
electric arc, forming acetylene (CjHi). With many metals it 



350 


AN INORCJANIC CIIE:^II8TRY 


forms carbides, especially at the high temperature of tlie electric 
furnace, e.g. ealciiirn carbide CaCj, iron carbide FOaC. 

Coal.— Large supplies of carbon occur naturally in the form 
of coal. 'I'he consensus of opinion, supported as it is by geo¬ 
logical and microscopical evidence, is that the varioiis forms of 
coal represent dilTercnt stages in the decomposition of vegetable 
material in the absence of air ; in a measure, therefore, coal is 
the result of the destructive di.stillation of wood, etc., carried 
out at great <lcpths below the earth's surface. The result of 
this decomposition is that there is a steady enrichment in the 
carbon content of the coal as the age of the coal increases, due 
to the progre.ssive elimination of o.xygen and hydrogen in the 
form of carbon dioxide and water. The accompanying table 
illustrates this point: 

T.VHLK 35 


Pki<('K.nt.\c;k kxci.udino Ash and MoisTuaB 



c. 

H. 

O. 

N. 

Wood. 

45 

6 

4S 

1 

Pont. 

(lO 

G 

32 

o 

lirown coal. 

70 

5 

24 

## 

1 

Bituminous coal. 

8.5 

5 

{) 

1 

Aiitlirucito. 

94 

3 

3 



Of these the most important are the bituminous or soft coal, 
and anthracite. Bituminous coals burn with a smoky flame 
and evolve large quantities of volatile matter on heating. They 
are used very largely in the coal gas industry. Anthracite is 
liarder and denser, and burns with little smoke. Owing to the 
greater heat of combustion anthracite is tlio favourite steam coal. 
During recent years the continued shrinkage in the world’s 
coal supj)lic3 has turned the attention of many to the use of 
brown coal. The low calorific power of this coal is, however, 
a severe handicap so far as its use in industrial operations is 
concerned. The low temperature distillation of the browm coals, 
in specially designed retorts, will in the near future lead to the 
greater economical importance of this class of coal. 

Carbon Dioxide and Carbonic Acid 

Occurrence.—The presence of carbon dioxide in the atmo¬ 
sphere to the extent of 0'03 per cent, by volume is due partly 
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to the exhalation of this gas by the members of the animal 
kingdom, and partly to its escape from volcanoes and springs 
in volcanic areas. The V'allcy of Death in Java and the Orotta 
del Cano, near Naples, are famous e.xamples of localities where 
the amount of carbon dioxide present in the atmosphere is 
abnormally high. 

Discovery.—Van Helmont was the first to distinguish carbon 
dioxide from ordinary air, noting its formation during the 
phenomena of combustion and fermentation. He was also 
familiar with many of its characteristic properties, but it was 
Black (1755) who showed that it could be liberated from the 
carbonates of the alkalies, both by the action of heat and of 
acids. He callerl it “ fixed air *’ because it was “ fixed ” or held 
in the carbonate. The chemical nature of this compound was 
definitely established by the work of Lavoisier. 

Preparation.—Carbon dioxide U prepared by three general 
methods : 

1. The oxidation of carbon or of carbon monoxide: 

c-1-0,^ CO. 

2C0H-0.^2C0.. 

The carbon dioxide exhaled by animals is produced bj^ the 
oxidation of W'astc carbonaceous matter in the ti.ssues of animals. 

2. From carbonates by the action of heat or of acids. In the 
laboratory it is usually obtained by the action of hyilrochloric 
acid upon calcium carbonate (limestone): 

CaCO. + 2HCl-)>CaCl, + H.O + CO,. 

Owing to the insolubility of calcium sulphate, it is inadvisable 
to use sulphuric acid in the reaction as the preeijiitated calcium 
sulphate soon stops the reaction. 

When limestone or magnesite (MgCO.) is strongly heated, 
dissociation of the carbonate occurs, CaCO.^rr^ CaO -bCO., 
until the equilibrium pressure of carbon dioxide for that parti¬ 
cular temperature is attained (see Ch. xiv., p. 212), but should 
the carbon dioxide bo able to escape, this dissociation pressure 
of the carbon dioxide will never be reached, and complete 
decomposition of the carbonate will take place. All the carbon¬ 
ates except the carbonates of the alkalies and of barium 
dissociate in this way on heating. 
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3. During tlio fermentalion of sugar large quantities of carbon 
dioxide arc evolved : 

C.H, 2CJIoO + 2CO,. 

A great deal of (lie carbon dioxide compressed into cylinders 
and put on tlic marlvct, is from this source. 

The actual breaking down of the sugar is effected by enzymes, 
active organic substances of a c(dloidal nature contained in 
certain organisms and possessing the property of bringing about 
many chemical reactions. The enzyme known as pepsin, which 
is present in the human stomach, hydrolyses protein foodstuffs 
into products which are capable of assimilation. Yeast contains 
both zymase and sucrase. Of these, sucrase is able to break down 
cane-sugar into two simpler sugars : 

c. .11 + II. 0-^ CJd, ,0, + C„H, , 0 , 

Doxt roae Lievailoso. 

— — V- 

Invert sugar. 

Zynia.se then ferments, i.o. causes the decomposition of these 
sugars. The dextrose is decomposed much more rapidly than 
its isomer, Irevulose. In the fermentation of wine the ferment¬ 
ation of the glucose contained in the grape juice is set up by 
an enzyme prc.sent upon grape-skins. Anotlier enzyme is 
responsible for the conversion of alcohol into acetic acid (q.v.). 
It may be mentioned that all the properties posses.sed by colloids 
are possessed by enzymes, for these are essentially colloidal in 
nature. 

Physical Properties.—Carbon dioxide is a colourless, odour¬ 
less gas possessing a feeble acid taste. It is a heavy gas, its 
density being about one and a half times that of air (gram 
molecular weight=44 gm.). By virtue of its great density it can 
be readily collected by the upward displacement of the air; and 
it can be poured from one vessel to the other much as an ordinary 
liquid can. An instructive experiment illustrating this property 
is the following : A largo bell-jar is filled with carbon dioxide, 
and in the same way as one draws water from a well, beakers 
full of carbon dioxide are withdrawn from the bell-jar and poured 
into a beaker counterpoised from the arm of a balance. Liquefied 
carbon dioxide boils at —79° ; and as its vapour pressure at 
ordinary temperatures is about 60 atmospheres, it can be kept 
in strong cylinders. If liquid carbon dioxide is allowed to 
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evaporate quickly, as by running it into a small canvas bag 
fixed over tlie nozzle of the cylinder, the absorption of lieat is so 
great that the liquid soon freezes to a snow-white solid. 

A mixture of solid carbon dioxide and ether gives a tempera¬ 
ture of about —100'*, wliile still lower temperatures may be 
attained by assisting the evaporation by reducing the pressure. 
At temiicratures such a.s attained by the use of solid carbon 
dioxide and ether, rubber freezes to a hard, brittle solid, mercury 
becomes a solid, whilst many chemical reactions which are 
even explosive in nature at ordinary temjK'ratures, have their 
vel(K;ity so lowered by the reduetion in temperature as to be 
negligible. Thus sodium scarcely reacts with an acid at the 
temperature of —80®, though at 20® the reaction is explosive in 
violence. 

Carbon dioxide is fairly soluble in water, dissolving in its own 
volume at 15® and 7C0 mm. pressure. Under high pressures it 
shows a slight departure from Henry’s I^aw. Soda water is 
merely an aqueous solution of carbon dioxide saturated under a 
pressure of C-10 atmospheres. 

Chemical Properties.—Generally sj)eaking, carbon dioxide 
is a non-supporter of combustion, tliough very reactive metals 
such as poUussiiim, magnesium, etc., are able to reduce it to 
carbon and arc thcm.sclves converted into the oxide. 

CO, + 2Mg->2MgO + C. 

Carbon dioxide Is comparatively stable towanls heat, but w’ith 
rising temperature increasing quantities of carbon monoxide and 
oxygen are formed, i.o. the equilibrium 2 C 0 t^^^ 2 C 0 d -02 is 
driven to the right. 

Temperature . . . 1027® 1170® 1292® 

Per cent, dissociation . 0-004 0 025 0 004 

Carbon dioxide combines freely with strongly basic oxides to 
form carbonates. 

Na^O + CO, Na,CO, 

Basic oxido. Acidic oxtdo« CarbonuU)* 

When passed into water, a small part of the dissolved carbon 
dioxide combines with the solvent to form the weak, unstable 
carbonic acid, H,CO,. 

n.o+co,^H,co,. 
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IVolongod lioilinR can, however, effect the complete cxp\ilsion 
of the dissolved enrhon dioxide from its aqueous solution. 
Carbonic acid has all the properties of a weak acid. It turns 
blue litmus feebly red, conducts an electric current, and com¬ 
bines directly with the stronger bases to form carbonates. 

Carbonic acid, being dibasic, gives rise not only to the normal 
carbonates, but also to the acid carbonates or bicarbonates. 

NaOH 4- H,C 0 ,;^NaHC 03 + H^O 
NaOH -t-NaHCO, ^Na^COa + H,0. 

Owing to the weakness of carbonic acid as an acid, solutions of 
the carbonates are appreciably hydrolysed ; normal carbonates 
which are soluble react alkaline to litmus, whilst the bicarbonates 
are neutral. The carbonates, with the exception of those of 
potassixim, sodium and ammonium, arc insoluble in water. Ihc 
appreciable hydrolysis of sodium carbonate is often responsible 
for the precipitation of a basic carbonate on its addition to 
solutions containing salts of certain metals, e.g. magnesium. 
The normal carbonates of many metals such as lead can only bo 
obtained by the use of the bicarbonate as the precipitant. 

PblNO,), + 2 NanC 03 -^rbC 03 i + 2NaNOj H^O + CO,. 

If carbon dioxide is passed through a saturated solution of 
sodium carbonate, crystalline sodium bicarbonate (sodium 
hyilrogen carbonate) separates out, 

Na,C0, + H, 0 +C 0 ,-^ 2 NnHC 03 'V. 

Carbon dioxide has also the power of converting the carbonates 
of the alkaline earth metals (calcium, etc.) into soluble bicar¬ 
bonates. This is readily shoum by bubbling carbon dioxide 
through a solution of calcium hydroxide, 

Ca (OH), + CO, CaCO, i + H ,0. 

The precipitate of calcium carbonate which first separates out 
slowly passes back into solution owing to the formation of this 
soluble bicarbonate. 

CaCO, + H,0 + C 0 ,;=z±CaC 03 + H,C 03 ^CaH,(C 03 ),. 

Definite equilibria, as indicated in the above equations, exist and 
the position of this equilibrium is mucli affected by temperature 
changes. Thus, on warming the solution, carbon dioxide escapes 
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and tho bicarbonate breaks down. The transportation and 
deposition of calcium carbonate in nature is brought about by 
natural processes operating in accordance with the reversible 
equation: 

CaCOa +11,0 + CO, ^ CaH,(CO0i. 

The Assimilation of Carbon Dioxide. 

The respiration of carbon dioxide by the animal kingdom, 
coupled with the ejection of appreciable quantities of this sub¬ 
stance from volcanoes, vent-holes, etc., would lead to an accumu¬ 
lation of this product in tho atmosphere, were it not that plants 
assimilate carbon dioxide, extracting from it the carbon and 
giving off the oxygen. This maintains the balance in nature. 
The absorption of carbon dioxide by plants and its conversion 
into starch, sugar, cellulose, etc., is attended by a very consider¬ 
able absorption of heat. This energy is supplied by the sun. 
Tho conversion of tho carbon dioxide into plant products is 
mainly carried out in the green chlorophyll cells under the 
stimulating action of tho red and yellow light rays. Thus, a 
plant, prevented by means of a shade made of blue glass from 
receiving the red and yellow light, is quite unable to assimilate 
carbon dioxide. It is interesting to note that in other chemical 
reactions blue light, i.e. light of short wave length, has a more 
marked photo-chemical action than lias light of another colour. 
The photo-activity of the blue rays is especially noticed in tho 
production of a latent picture upon a photographical plate. 

Besides tho process of assimilation which involves the absorp¬ 
tion of carbon dioxide and the elimination of oxygen on the j)art 
of the plant, ordinary respiration similar to that in animals 
occurs. Both by day and by night plants breathe in oxygen 
and breathe out carbon dioxide. This process is not in any 
sense a photo-chemical one. The amount of carbon dioxide 
exhaled by a plant during the period of twenty-four hours is, 
however, very much less than that assimilated under the action 
of the sun. 

Composition.—Oxygen, carefully freed from carbon dioxide 
and moisture, is passed over a weighed quantity of carbon. 
The resulting gases are led through hot copper oxide in order to 
oxidise all traces of the lower oxide, CO, to tho dioxide. This is 
then absorbed in weighed potash bulbs. From tho weight of 
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carbon used and the wcijiht of carht)n dioxide found, the ratio of 
carbon to oxycren present in the dioxide is obtainerl. This gives 
the value IJ iKJo to 32, i.c. the formula is (COj),. Tl»o density of 
carbon dioxide is ajiproxiinately 44 (0 = 32), whence x=l ; in 
otiu'r words, the formula is CO,. 

Uy burning a piece of carbon in the apparatus of figure 97 

it can 1)0 shown that, when carbon burns, 
the volume of carbon dioxide is equal to 
the volume of oxygen required for its pro¬ 
duction. Hence 

Cq-0, —> CO, 

1 vol. 1 vol. 


Carbon Monoxide 

Preparation.—Carbon monoxide is 
often prepared by the reduction of carbon 
dioxide with carbon, zinc, iron, etc. 



co, + c- 

C0, + Zn- 


22CO 

. ZnO + CO. 


Tho reduction of glowing carbon can 
be easily <le!nonstrated by passing a stream 
of carbon dioxide through a hard glass tube 
packed witli charcoal (Fig. 98). The issu¬ 
ing gas is led through a wash-bottle con¬ 
taining a solution of potassium hj’droxido 
to remove tho unreacted carbon dioxide. 

As the temperature of the charcoal in¬ 
creases, there is a corresponding increase 
in the amount of carbon monoxide formed. 
This experiment illustrates the principle 
underlying the formation of Producer Gas 
(q.v.). 

During many metallurgical processes wherein carbon is used 
as a reducing agent, carbon monoxide is liberated as a by¬ 
product, 

FeA + 3C^2FeH-3CO. 

In the laboratory this gas is prepared b^ the dehydrating 
action of sulphuric acid upon oxalic or formic acid. 
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11,C,04 - H,0-> CO -r CO, 

Oxalic arid. 

H.COOH—n,0->C0. 

Formic acid. 

When the gas is prepared from oxalic acid, it is usual to wash the 
gases througli a concentrated solution of sodium hydroxide in 
order to remove the carbon dioxide. 

A steady stream of carbon monoxide may bo obtained by 
allowing strong formic acid to drop from a tap funnel upon hot, 
concentrated sulphuric acid. Another method of obtaining a 
regular stream of this gas is by gently heating a mixture of ton 



Dilute solution of' 
sodium carbonate. 


Fio. OS. 

parts of sulphuric acid by wciglit with one part of potassium 
ferrocyaiiide. The reaction ceases at once on cooling the ilusk. 

K,Fe{CN), -1- GH^SO^ d- OH,0-> 

2KS0t FeSO* J-+ GCO. 

Properties.—Carbon monoxide is a colourless, odourless, 
tasteless gas, slightly soluble in water. It is very difficult to 
liquefy. (B.P., —190'*.) Physiologically, it is a powerful 
poison. When inhaled, it unites with the hsemoglobin of tho 
blood, producing a bright red compound, carbonyl hscinoglobin. 
When converted into this compound, tho hajmoglobin is perma- 
mcntly removed from participating in tho oxygen-carbon dioxide 
cycle in the human system, and if sufficient of tho hscmoglobin 
is removed in this way, tho sufTcrer dies. 

Tho more important properties of carbon monoxide are 
associated with the unsaturated nature of the carbon atom, i.o. 
the divalent carbon atom tends to pass into tho stable tetravalont 
state. 
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c=o\-a 


(;i 

c^o 

^C1 


Cjirhonyl rJilorule. 

ZnO } CO—>Zn j-CO^. 

Tndrorl, at 1cn>poratures l.olow Sfw", it is a more active rcduc- 
intJ a;^cnt than liydrojicn itself. 

Witli a few elements, notal.ly nickel ami iron, carbon monoxide 
combines to form the so-called carbcmj/ls. When it is passed 
over hot finely-divided nickel, direct combination ensues. 

Ni + 4CO;=±Ni(CO)4. 

From the issuing pas there can be separated, nickel carbonyl, 

n mobile, hiphly refractinp Ikiuid (sp. pr. 1-35G), boiling at 43^ 

nnder a prvssure of T.".! mm. On lieating the vapour to a rerl 

heat, decomposition into nickel and carbon monoxide takes 

l4aee. Advantage is taken of tliis reaction in the Mond process 
for jHinfyinp nickel. 

Carbon monoxide can be absorbed by passing the gas into a 
solution of cuprous chloride dissolved in hydrochloric acid or 
nmmomum chloride, when loose chemical compounds between 
the carbon monoxide and the cuprous chloride arc formed 
Carbon monoxide is slowly absorbed by solid potassium 
hydroxide at a temperature of 100% forming potassium formate. 

I Ins fact, coupled with the ready decomposition of formic acid 
into carbon monoxide and water, suggests that these two com- 
pounds are related to each other much in the same way that 
sulphur tnoxide and sulphuric acid arc, the true dibasic ortho¬ 
acid at once changing into a tautomeric monobasic acid. 

.OH 0 

0=0 + 14,0 C/ ^ H-C/ 

^OH \OH 

Unstable* Formic acid* 

A yet lower oxide of carbon, known as carbon suboxide, CjO, 

has been prepared by distilling malonic acid with phosphorus 

poiitoxido under reduced pressure. Water is thereby abstracted 

from the comjiouiid, and the suboxide distils over as a colourless 

IkiukI (b.p. 7^) which yields malonic acid again on addition of 
water. 

CH,{C00n),-2H,0=C30,. 

The suboxide is combustible, and burns with a smoky flame. 
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If kept many hours, it polymerises into a red solid, which is 
soluble in water. 

Producer Gas.—The reaction expressed in the equation 

CO,+C^2CO 

has long had a commercial application in the so-called Producer 
Gas. With increasing temperature there is a steady increase in 
the amount of carbon monoxide in the equilibrium mixture. 

TABLE 3G 


Tonifjcrtfclurc. 

IVr cent, by volume. 


1 

CO 

CO, 

600*. 

5 

05 

700*. 


•12 

000 *. 

00 5 

3 5 

\ 000*. 

00 9 

0 1 


Owing to the great amount of heat evolved when one gi*am 
molecule of the monoxide is oxidised compared with that 
generated when the carbon is oxidised to the monoxide, 

C + 0 —> CO -f 29050 cals. 

CO+ 0—>-COj + 68000 cals. 

it is often considered preferable to gasify the fuel in specially 
designed plants and to carry the producer gas in pipes to wher¬ 
ever it is desired to convert its latent chemical energy into 
mechanical energy. The final combustion is carried out in 
suitably designed gas engines. It is true that in the cycle of 
operations a considerable proportion of the store of energy in the 
solid fuel is lost to the manufacturer, but in many cases the 
advantages more than outweigh the disadvantages. In a well- 
designed producer plant practically the whole of the carbon is 
converted into carbon monoxide, provided the temperature 
is maintained above 1000°. Since the oxygen required for 
the combustion of the carbon is derived from the air, the final 
product must contain a large proportion of nitrogen. An ideal 
producer gas consists of 34*7 per cent, of carbon monoxide and 
05 3 per cent, of nitrogen by volume. 

Water Gas.—Another form of power gas in which carbon 
monoxide plays an important part is the so-callcd Water Gas. 
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This is niado l>y injecting steam 
tlio equilibrium 


into incandeseent carbon, when 


C f H^O ;^CO + H. 


is set up. 
attended by 
Uunperature 


Ibis process, unlike tliat in the producer gas, is 
a very considerable heat absori)tion, so that the 
of tlie furnace falls and the equilibrium 


2CO ^ C + CO 3 

which must also exist will shift over to the side of the worthless 
carbon dioxide (ef. preceding section). Under working con¬ 
ditions the fuel is raised to incandescence by a blast of air, and 
this is followed by a jet of steam. During'the steam injection 
water gas is being gemerated, at otlier times a damper deflects 
the stream of furnace gases. The accompanying tabic by Bunto 
shows the effect of temperature upon the composition and there¬ 
fore upon the calorific value of the water gas. 


TABbE 37 


Tomporaturo. 

Per (vnt. 

074*. 

88 

838°. 

41 0 

1010 ° . 

04 0 

1125°. 

O'J 4 


IVr cent, nnnlyrtts of 1 : 4 s. 


H. 

CO. 

CO,. 

G.'i 2 

1 

4 0 

1 

20 8 

01 -0 

ir>i 

22 0 

48 8 

407 

1-5 

.'iU 0 

4S-5 

0 0 


In many modern plants it is tlio custom to inject both 
steam and air togetlier, so that the heat generated in the pro¬ 
ducer reaction. C-(-CO, 2CO, may counterbaiance the heat 
absorption in the water gas reaction, HjO+C =r^CO+H 
With such an arrangement the process becomes a continuous 


ono, 

Tlio absence of luminosity from the water-gas flame prevents 
the use of this gas except in burners provided with a Welsbach 
mantle, etc. In order to overcome this defect as an illuminant. 
a greater illuminating power is conferred upon tlie water gas by 
sending it through a hot tower containing brickwork, and into 
which a spray of oil is blown. As the water gas and oil find their 
way down the tower, the oil cracks, i.e. the complex hydro- 
carbons are decomposed into simpler ones. The enriched water 
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gas makes a satisfactory illuminant, except that it is excessively 
poisonous owing to the high content of carbon monoxide. 

In the manufacture of Oil Gas, e.g. Pintsch Oil Gas, the oil is 
brought into hot retorts, where decomposition into rich illum- 
inants is effected. The great advantage of this gas lies not only 
in its great illuminating power, but also in its being much more 
compressible, hence its value for lighting trains, steamers, etc. 


Carbonyl Chloride and Urea 


Carbonyl Chloride. COClj—This substance, known as 
phosgene, is formed by the direct oxidation of carbon monoxide 
by chlorine under the photochemical action of the sun. The 
combination is also effected by using animal charcoal a.s the 
catalyst. It Is a liquid boiling at 8°. It is soluble in benzene 
and water, but it hydrolyses rapidly in the latter solvent. 

COCl, + 2HjO ^ HXOj + 2HC1. 

It is on account of this reaction that the constitution of carbonic 
acid is generally represented by the formula 


OH 

o=c< 

^on 

Urea.—When treated with ammonia, carbonyl chloride forms 


urea. 


.NH, 

O =C< 

^NH, -I 2IICI 


a 

0 =C< 

x:i +HNH, 

2HC1 + 2NH,->2NH*C1. 

It is a white, crystalline solid soluble in alcohol, and therefore 
easily separated from the ammonium chloride. 

Urea affords an interesting example of isomerLsm, for it can bo 
formed from ammonium cyanate by mere heating. 

NH4.CN0->0 =C—NH, 

\NH, 


The urea and ammonium eyanatc have the same chemical com¬ 
position but each has its own spccihc properties, i.e. these 
substances are isomeric. 

Until Wohler (1828) discovered the above method of synthe¬ 
sising urea, it was always held that a true “ organic ’ substance 
such as urea could only be formed by the agency of a living 
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organism. From tlie date of Wohler’s discovery, organic 
chemistry has become less a study of compounds produced by 
living organisms than a branch of inorganic chemistry, viz. that 
section dealing with the compounds of carbon. 

iSuLriiiDFS OF Carbon 

Besides tlie oxy-sulphide of carbon. COS (carbonyl sulphide) 
(cf. CO + 0 >-C02 and CO-j-S—>COS), there exists a well- 
known disuipJudc, CS 2 - This is formed by the direct union of 
carbon and sulphur, carried out in specially designed furnaces. 
The vaporised carbon disulphide is condensed and purified by 
redistiliation. 

It is a colourless, highly refractive liquid boiling at 46°. It is 
very inflammable, forming carbon dioxide and sulphur dioxide. 
It is often used in industries as a solvent for sulphur, pho.sphonis, 
rubber, etc. The pure ])roduet has a rather pleasant smell, but 
the commercial preparations aro very offensivo owing to the 
pre.sonco of impurities. 

A compound, thioairbonic acid, HjCSj, which bears the same 
relationship to carbon disulphide as carbonic ackl docs to carbon 
dioxide, has been prepared. The salts are much more stable 
than the acid. 

CaS + CSj^CaCS,. 

Qi'estions 

1. is meant by isomerism and polymorphism ? Give examples. 

2 . Hy u-liat oxpcriinente can you prove that carbon monoxide contains 
half iLs own volumo of oxygen 7 

3. Wlint volumo changes occur when carbon disulphido is burnt in 
oxygon 7 

4. How is carbonyl clilorido made 7 \^^lat is its action upon ammonia 
and wator 7 How docs tho latter reaction throw light upon the constitu¬ 
tion of carbonic acid 7 

5. Ton gin. of carbon oro burnt in an excess of oxygon ond the resultant 
gas lod through a solution containing 60 gra. of sodium hydroxide. What 
porcentago of tho sodium hydroxide will bo neutralised 7 

0. Given a mixture of moist nitrogen, oxygon, carbon monoxide and 
carbon dioxide, how would you proceed to determine its norcentoco 
composition by volumo 7 

7. How do you account for tho evolution of carbon dioxido when hydro¬ 
chloric acid 18 added to a carbonate 7 

8 . How much sulphur would bo required for tho production of 200 kilos 
of 90 per cent, sulphuric acid 7 What volumo of air would bo required 
to olTect tho combustion 7 

9. If 10 litres of carbon monoxide at 16® C. and 750 mm. aro burnt to 
carbon dioxide, what volume of the dioxide, measured at 0® 0 and 760 
mm. pressure, will bo produced? 

10 . Discuss the commercialimportance and manufacture of producer gas. 



CHAPTER XXIV 

TYPICAL CARBON COMPOUNDS 

Carbon differs from all other clemenU in so far as the atoms 
of this element exhibit an extraordinary tendency to com )ine 
with one another. This is exemplilied by the fact that near y 
»■ three hundred hydrocarbons (compounds of hydrogen and car- 
bon) have been isolated. These fall into different ser^s or 
groups. The first of these groups is known as the paraffin or 
saturated hydrocarbons. The name ‘ paraffin im ica es o 
most iiD{)ortant property of these compounds, their non-reac i\ i y 

(parum, little; affinity). 

The Paraffin Series of Hydrocarbons.— The saturat^ or 
" paraffin scries of hydrocarbons arc derivc<l from methane, 
CH 4 , the parent member of the group. H the assumption is 
made that the carbon atom is always tetravalen , an a 
carbon atoms possess the power of combining wit eac i o icr, 

forming a chain, e.g. 



the more complicated members of the group can be built up 
the simpler by successive replacements of a hydrogen a ra y 
the CH, group or methyl radicle. Hence, from mditane 

H 

H—C—H we derive ethane 

1 

H 

863 


H H 

I I 

H_0—C—D, 

1 I 

H H 
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from ethane, wo obtain propane and so on. 


H H H 



H H II 

rnopAM: 


examination of the formula of propane reveals the fact 
that the two hydrogen atoms attached to tlio central carbon 
atom stand in a difTerent relationship to the molecule from wliat 
tlie other hydrogen atoms do, i.e. they are diflerently situated 
80 far M the configuration of the compound is concerned. Hence 
ihjfvrenthj constiluted isomrrs will bo derived, according to 
whether a hydrogen atom attached to an end carbon atom is 
substitute by the methyl group, or whether one of the internally 
situated hydrogen atoms is so substituted. 


H H H 


From propane, H-C_C-C-H wo obtain normal butane 


ir H H 


if any one of the end carbon atoms is sul.stitutcd ; whilst 

the second method of substitution leads to the formation of 
the isomer, iso-butane. 


H H H H 



H H H H 


NORMAL BUTANE 


H II H 

rr I I I 

n—c — 0 — c—II 

I I I 

II H—C—H H 

I 

H 

TSO-BUTANB 


The number of such isomers increases rapidly with the number 
of carbon atoms in the compound. It is interesting to note that 
m no single case have more isomers been discovered than pre. 
dieted by the theory of the tetravalence of the carbon atom, and 
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of the chain linkin" of these atoms. The following is a list of 
the more important saturated liydrocarbons present in the 
paraffin series of hoviologues or related compounds : 





B.P. 

General for¬ 




mula . 

CoH.bh 

V 1 


Melhono 

CH, 


—ir.4 

ICthane . 



—1)3* 

I'r(i|»ino 

Qdla 


—45* 

Butane . 


normal 

1* 



— 17* 


Pentano. 

, C^^ 1. normal 

B.P. 

30* 


iso- 

28* 


nco- 

10* 

Hoxane . 

- CeH,, 

71* 

Heptane 

- 

90* 


and so OD. 



The great natural source of the paraffin hydrocarbons is pefro- 
hum oU. In the crude state this is a thick viscous oil of a 
greenish browm colour obtained by sinking a boro into the 
oil-bearing strata. 

At first the oil rushes forth under considerable pressure, but, 
generally speaking, it is pumped to the surface, and conveyc<l in 
pipes to the reservoirs, where it is stored for distribution or 
purification. Such petroleum wells are of great economic value, 
especially since the advent of the motor car and the aeroplane. 
Petroleum wells occur in the Baku <listrict in Russia (Caucasia), 
Galicia. California, Persian Gulf, Ontario, Ohio. Pennsylvania, 
Mexico, and elsewhere. The actual origin of petroleum is not 
known with any degree of certainty. The earlier view that the 
oil is generated by the action of water upon large underground 
masses of metallic carbides (compare methane, p. 307) has 
yielded place to the theory that petroleum is the result of the 
decomposition of vegetable and animal matter under varying 
conditions of temperature and pressure, such decomposition 
being effected deep within the bowels of the earth. 

Before use, the oil has to be carefully refined. The main 
rectification is effected by the process of Jractional distillation, 
i.e. the distillate passing over between certain definite temper¬ 
atures is collected, and after further purification is put upon the 
market for various purposes. 

Table 38 indicates the boiling point and average composition 
of the various fractions. 
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TAIJLK 38 



IIP. 

(’oinponorjts, 

Use. 

PolroltMHii fthor . 

N'liphiluv .... 
HtMJziiu' or pol rol. 

Korost'iio .... 
Liilirioating oil 
\'a.-<olino .... 
Solid parallin 

70 

00 

120 ).-)0» 
1.70-300’ 


.solvont, p(v<? fuel 

solvent, fuel 
ililuniiiatiiig oil 


Occasionally sulplmr products arc present in the oil, and as 
the coinluistion of such eonipoimds leads to the formation of the 
deleterious sulphur dioxide, the oil has to he heated with copper 
oxide, whereby tiie sulphur compounds arc removed. Treatment 
with sulpliuric acid and sodium carbonate may also be necessary 
the precise method of purification depending not only upon the 
composition of tlio oil, but also upon the purpose for which it 

Ozohnie is a species of natural parafiin witli a greenish opal¬ 
escence. After blcacliing and purification, it is used in tlic 
manufacture of ceresine, a sul)stituto for beeswax used in tlic 
manufacture of candles, ointments, etc. Another naturally 

is Aspl,all, found in the 
iteh Lake of rrinidad, and used extensively for road-making. 

Unsaturated Hydrocarbons.—Another homologous series 
nown as the Olefines, is derived from ethylene, C,H,.’ 
n these compounds the carbon is unsaturated, having the 
general formula C„H,„. All these hydrocarbons are readily 
oxidised into saturated hydrocarbons by the action of chlorine, 

form'ula ’ ^ethylene is indicated in the 


H H 

I I 

H—C=C—H 

where the atoms of carbon are joined by a double bond. The 
presence of the double bond in a compound does not increase 
Its stabihty, but proves a source of weakness, for it is found that 
«io addition of chlorine, etc., always breaks the double bond. 
Yet another senes of unsaturated hydrocarbons is represented 
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by the acetylene homologucs, derived from the general formula 
C'H .. In these compounds combination between the 
carbon atoms is by means of a triple bond. H C —- C H. 


The Pueparation and Propertiks of the Typical 

Hydrocarbons 


Methane is the first member of the saturated or paraffin 
series of hydrocarbons. It is the chief component of main 
natural gases which escape at some stage during the life of an 
oil well. It is also generated in small quantities in mai-shy and 
stagnant pools, hence its old name, marsh gas. Its occurrence 
in many coal mines as the dreaded “ fire-damp ” is undoubtedly 
due to the gradual decay of vegetable matter in the absence of 
air. The “ fire-damp ” accumulates in the coal, under more or 
less pressure, and when the coal face is shattered by an explo¬ 
sion, it escapes into the mine, often with disastrous elTects. 
This is due to the explosive nature of the mixture of methane 
and air. After such an explosion, “ choke-damp (carbon 
dioxide) is set free. 

CH, + 20,->C0j + 2IIi0. 

The formation of methane by the direct combination of carbon 
and hydrogen can be eflectcd in the presence of finely divided 
nickel {^.v.) at a temperature of 250®. More often, it is pre¬ 
pared by the action of water upon aluminium carbide, 

Al4C3 + 12H,0^4Al(0H),i d-SCH.f 

or by heating together a mixture of dry sodium acetate and 
sodium hydroxide. 


CHjCOONa 
HiO—Na 


CH^+NajCOj. 


This reaction is best carried out in a copper flask, and as the 
evolution occasionally takes place with expIo.sivc violence, it is 
advisable to heat the mixture carefully from the top rather than 
in the usual way. 

Chemically speaking, methane is very unreactive. Under the 
stimulus of sunlight, chlorine slowly replaces the hydrogen atom 
by atom. This aubslilulion is represented in the equations : 
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CH, -f'CU->CH 3 Cl + HCl 

Motlivl rhlori<l(*. 

CH3CI + ci,^ck,c4 + Hci 

Motliylono olilorido 
or <liclil<)rinc(hHn*'. 

CH,CI, +Ci„^CHCl3 + HCl 

Triclilonnotlmno 
or cljloroforni. 

CIICI3 H- CL->CCI, -i HCI 

Carbon fctrachlorido. 

Of tliose substitution uruduct.s, both chloroform nnd carbon 
tetrachloride have considerable technical importance. Chloro¬ 
form IS important as an anaisthctic, carbon tetraclilorido as a 
solvent for fats, tars. etc. The extraction of oils from oil-bearing 
seeds is being increasingly effected by this chemical, as its non- 
mflammabiiity makes it a much safer product to handle than 
benzene, petrol, etc. Carbon tetrachloride is also used in fire- 
extinguislicrs. Its action in this respect arises from the heavi¬ 
ness and the non-inflammability of its vapour, which disjilaces 
the air round tlic burning objects and so chokes out the fire. 


Ethylene. Ethylene, C 2 H 4 , olefiant gas, a typical repre¬ 
sentative of the unsaturated homologues C,.H,., is formed by 
the dehydrating action of sulphuric acid, or better still phos¬ 
phoric acid, upon ethyl alcoliol. ^ 

C^HjOH —H,0 -vC.H4. 

Ethylene is also formed along with acetylene when any of the 
saturated hydrocarbons arc strongly heated. 

2CH4^C,H4-b2H,. 

It is a gas which burns with a very luminous flame, owing to the 
sr^paration of carbon during the preliminary stages of the com¬ 
bustion. If ethylene is bubbled slowly through bromine, it is 
absorbed with the formation of ethylene dibromide, a colourless 
liquid. 


C^H^-fBr.-^C^H^Br,. 

It is definitely known that in this compound the bromine atoms 
arc symmetrically distributed between the carbon atoms ; 

H H 


H—C-~C—H 


Br Br 
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for this and other similar reasons the constitution represented 
in tlie formula 


H H 

t I 

H—C=C—H 

is generally chosen for ethylene, the double bond indicating not 
that the two carbon atoms are more firmly linked, but that each 
carbon atom is capable of entering into combination with another 
element or radicle. This is what happens when ethylene is treated 
with chlorine, potassium permanganate, sulphuric acid, etc. 


Acetylene.— This compound is a typical represenUtive of the 
homologues possessing a triple bond. It is obtained by the 
direct union of carbon and hydrogen in the electric arc. Ilio 
same typo of decomposition which methane undergoes when 
strongly heated (?.u.) also Ukes place when ethylene is passed 

through a red-hot tube. 

More often, however, it is made by the action of water upon 
calcium carbide (p. 544). 

CaC, + 2IIjO->Ca(OH)i + C,H, f 

Acetylene is a colourless gas which possesses in the pure state a 
faint ethereal smeU. It is appreciably soluble in water, and is 
freely soluble in alcoliol and acetone (1 volume of acetone dis¬ 
solves 300 volumes of acetylene at 15® under a preasuro of 12 
atmusplieres). Such solutions of acetylene in acetone are largely 
used as a source of acetylene for the oxy-acetylenc blowpipe. 
The gas itself cannot bo compressed beyond about two atmo¬ 
spheres, as the compressed gas is likely to explode if subjcctc<l to 
a sliglit shock, hence the use of the acetone solution as a store- 
house for tlie acetylene. The temperature of the flame produc 
by burning a mixture of acetylene and oxygen in specially de¬ 
signed blowpipes is in the neighbourhood of 2,500 , whereas t o 
oxy-hydrogen flame scarcely exceeds 2,000®. Iho oxy-acety ene 
flame is hot enough to melt iron and steel with comparative ease 
(hence its extensive use for cutting steel girders, etc.), yet t o 
reducing action of the carbon monoxide and hydrogen w 
sufficiently marked to prevent oxidation of the molten meUl. 
Its success in welding is associated with both these factors. 
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Tho unsatiirated nature of acetylene, as shown in its consti¬ 
tutional formula H—C-;C—H, is illustrated by the ease with 
wliich tho Iialogons are added on by ac(’tylcnc, forming deriva¬ 
tives first of etliylene and finally of ethane. 

Although acetj’lene is comparatively stable at high tem¬ 
peratures, it is relatively unstable below l.OOO*"- When passed 

through a tube heated to about 750-800° it breaks down into 
its elements 

This ready separation of carbon from acetylene accounts for 
the high luminosity of tho acetylene flame, as well as for the 
luminosity of certain coal gas flames {q.v.). 

If acetylene is passed through an ammoniacal solution of 
cuprous chloride, a rtxldish brown precipitate of hydrated 
coj)per acetylide, CugCs.H^O. separates out. Tliis compound is 
easily dehydrated, and forms tho explosive copi)er acetylide 
Cu 2^1 f • 


Coal Gas 

Coal gas is obtained by heating coal in closed retorts to a 
temperature of approximately 1000°. When coal is treated 
in tliis way large quantities of gas are evolved, tlie volume and 
composition of tliis gas depending upon tho temperature of the 
retorts. J his is shown in Table 39, where the volume, illuminating 
power and composition of tho gas evolved from one ton of an 
English bituminous coal at different temperatures are shown :— 


TABLE 39 



Dark red* 

Urlght red. 

Bright orango 
rod. 

Tompornturo. 

GSO^-TOO® 

925'*-975* 

about 1100® 

Goa voluino in cbm. . 

234 

275 

340 

Illumiiiuting power, C.P. . 

295 

17-8 

15 0 

Hydrogen per cent. 

381 

43 8 

48 0 

IMothano. 

42 7 

34-5 

30-7 

Carbon monoxide .... 

8-7 

12 5 

14*0 

Heavy hydrocarbons . , , 

7 6 

6-8 

4*6 

Nitrogen. 

2 9 

3-4 

2-8 


(Small quantities of nitrogen are generally present.) 

Now that incandescent mantles have come into use, candle 
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power has ceased to be the objective of the gas works engineer ; 
the most satisfactory gas plant is that which produces tlie greatest 
volume of gas of a suflicient calorific power. 

Amongst the by-products in the coal gas industry Is coke., the 
solid residue left in the retorts. This represents roughly 70 per 
cent, of the weight of the original coal, and owing to its high 
carbon content, it forms an excellent fuel, especially for metal¬ 
lurgical work. The absence of volatile matter and of the elements 
of water in coke accounts for the higher temperature given !)y 
coke as compared with coal, for no heat Is required for the 
expulsion of the volatile matter. Where there is no direct demand 
for coke, it is often the practice to introduce steam into the 
retorts during the distillation. This leads to the formation of 
water gas through the reaction 

C + H,O^CO + H,. 

The resulting gaseous mixture is of poorer quality than the 
" normal ” coal gas, but the greater volume of gas oldained 
compensates for its lower calorific power. The Calorific Power 
of a fuel is defined as the amount of heat furnishwi by the 
combustion of unit weight of the fuel. Engineers generally use 
the British Thermal Unit (B.T.U.) as the unit of heat-—the 
amount of heat necessary to raise one pound of water 1° F. The 
number of B.T. units is determined by the combustion of a 
weighed amount of fuel in a bomb calorimeter. The principle 
of the Gas Calorimeter Is similar, except that the heat geiuTated 
by the combustion of a kno\vn volume of gas is measured. 

During the destructive distillation of the coal a liquid to the 
extent of about 12-13 per cent, of the total weight of coal 
di.stilled, is collected. Part of this distillate collects under water 
in the hydraulic main and runs off into the tar-wcll. Before 
passing into the gas holder, the gas circulates through a long 
series of water-cooled pipes (the condensers), where the last 
traces of the tar are removed. Further purification of the gas 
is effected by passing it through the scrubber, where all traces 
of ammonia and a little of the carbon dioxide and hydrogen 
sulpliide are removed by the solvent action of the water. Finally, 
the purifiers, containing slaked lime and then hydrated oxide 
of iron, remove the last traces of hydrogen sulphide and most 
of the carbon dioxide. The tar in the tar-well separates into 
two layers, the lower one consisting of tar, the upper of the 
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ammoiiiacal liquor, from which ammonia p/.i'.) is afterwards 
recoverc-d. From tlic tar a large number of by-products is 
obtained, e.g. benzene, toluene, carbolic and creosote oils. 
These by-products form the starting point of the great coal-tar 
dyestuff industry, as well as of many explosives. 


Alcohols 

The alcohols are hydroxy-compounds which behave in many 
ways like inorganic bases. They can bo syntliesLscd from tlic 
halogen compounds by boiling with potassium or sodium 
hydroxide. 

C,H J + KOH C AI,OH + KI 

Ethyl ioflido. Ethyl nloohol. 

CHJ + KOH->CII,()H + la 

Methyl iodide. Methyl olrohol. 

Large quantities of methyl alcohol are ol)tained during the 
destructive distillation of wood, while ethyl alcoliol is formed 
during the fermentation of sugar 

Both methyl and ethyl alcohol are miscible in all proportions 
with water. The alcohols react with phosphorus pcntacldorido 
to form a halide, 

R - OH + PCl,-> R - Cl + POCI3 + Ha 

where R denotes the radicle CH3, CjHj, etc. Moreover, one 
hydrogen atom in an alcohol is replaceable by a metal like 
sodium—facts which point to the conclusion that one hydrogen 
atom is differently connected to the central carbon atom, viz., 

H 

ii_c_o-n 

I 

H 

In their reactions with acids, the alcohols strongly resemble 
the inorganic hydroxides, e.g., 

CH3OH + H.HSO4 ^ CH3HSO4 + HjO 

Methyl alcohol. Methyl hydrogen 

sulphuto. 

Acids 

The two simplest organic acids are formic acid and acetic 
acid. 
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Formic acid, HjCOj, as has already been pointed out, 
lili(‘ra(es carbon monoxide on dehytlration. It can l)o obtained 
by distilling red ants, but its structure is best shown by its 
synthois from cliloroforni. Consider tlie reactions: 



HOH 

HOH 

} HOH ^ P(OHj„ +5HCI H 3 RO, -f H 3 O + 5HCI 

HOH 
HOH 


and 


/Cl KOH 
H—C<^C1 -I KOH -> 

Njl KOH 


H - C 




OH 


^OH -}- 3KC1 
\OH 


Orthoformlc ncicl. Oil 

H-C^ +H,0+3KCI 

Formic acid. O 


The latter reaction, amongst others, leads to the conclusion that 
formic acid has the formula, 



which is in agreement with its monobasic nature. 



The group, 


is called the carltorijl group, and is present in nearly all organic 
acids. Formic acid is a liquid boiling at 100-H. 

Acetic acid, CH3COOH, is the first hoinologuc of formic acid. 
It is monobasic, and when treated with sodium hydroxide 
forms an acetate, 


CH 3 COOH H-NaOH^CHaCOONa + H,0. 

Phosphorus pentachloride causes the replacement of the hydroxyl 
group by chlorine, 

CH3COOH + PCl5-> CH3COCI + POCI3 + HCl. 

Acetyl clilorido. 

Acetic acid is prepared commercially by the dry distillation 
pf wood {q.v.), a^ well as by the oxidation of dilute ethyl alcohol. 
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This alcohol is allowed to flow over wood shavings impregnated 
with the acetous ferment, when oxidation is brought about. 

CjHjOH -f Oj-j-CHjCOOH + 

As a typical organic, dibasic acid, no better example offers 
than oxalic acid, H,Cs 04 . This can bo prepared from pine 
sawdust by fusion with sodium hydroxide. The sodium oxalate 
is leached out with water and the oxalate precipitated as the 
insoluble calcium salt. 

Na,C, 04 +Ca( 0 H),^CaC, 04 'V +2NaOH. 

It is also obtained by the oxidation of sugar with nitric acid. 

The reactions of this acid point to its possessing two carboxyl 
groups combined with each other: 

0 =C -OH 
O =C -OH 

Oxalic acid is a moderately strong reducing agent, reducing 
acidified potassium permanganate on warming, 

2 KMn 04 + 3H^04 + 6 H,Cj 04 

KjSO* + 2MnS04 + 8H ,0 + lOCO, 

Esters 

Esters are formed by the action of an organic acid upon an 
alcohol. Their method of preparation and general reactions 
offer a considerable analogy with the inorganic salts : 

NaOH + HCl ^ NaCl + H ,0 

Bose. Acid. Salt. Wat«r. 

C.H.OH 4- HOOC CH,^CHj COO CjHj + H,0 

Alcohol. Acid. Eator. Water. 

There is, however, an important difference between an inorganic 
salt and the organic ester; the former is the result of an in¬ 
stantaneous reaction, the latter of a very slow process which docs 
not go to completion. In the reaction between ethyl alcohol 
and acetic acid equilibrium is reached after two-thirds of the 
reacting substances have combined. Such reactions are generally 
accelerated by the addition of a little hydrogen chloride or 
sulphuric acid. On boiling an ester with water or a dilute acid, 
hy^olysis ensues with the formation of the free acid and the 
alcohol. With alkali they form the alcohol and a salt of the 

acid. 
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CIl3('()OCaH5 + NaOH->-CH3COONa + CJT,OH 

Kthyl Sodium licotuto. Etljjl alcol>ol. 

Tho esters form tlic sweet-smelling oils of many i)lants. Butter, 
fat-s and oils are examples of organic esters. 

Soaps.—Ordinary fat is an ester, formed by the combination 
of the tri-liydric-alcohol glycerine with various higher fatty 
acids of the acetic acid family. If these fats are boiled with 
sodium hydroxide, they arc liydrolysed with the formation of 
the sodium salt of the fatty acid and free glycerine ; 

C.^H^sCOOCH, HONa CII.OII 
CnHjsCOOCH 4-HONa —> CHOH +3C,jH35COONa 

I Sodium stcaruto. 

CtTHasCOOCHj HONa CH^OH; 

CJycoritio. 

In order to separate the soluble sodium stearate from the 
glycerine, common salt is added, and the sodium salts separate 
out in the form of a solid scum. This is what is known as soap. 
If the fat is hydrolysed with potassium hy<lroxide, soft soap is 
obtained. These soap.s, on treatment with water, are strongly 
hydrolysed with the production of sodium hydroxide, hence 
their cleansing properties. 

If fats are hydrolysed by means of superheated steam, the 
free fatty acids and glycerine arc set free. The fatty acids can 
easily be sejiaratcd from the sweet liquor, and after impurities 

have been pressed out, the fatty acid residue is used in the 
manufacture of candles. 


Ethers 

The ethers, as a class, bear tho same relationship to tho 
inorganic oxides as tho alcohols do to tho bases. 

R —0 —H Na —O —H 

Alcohol. Bftso. 

R —0 —R ; Na —O —Na 

Ether. Oxiclo. 

They are very unreactive substances and are almost insoluble 
in water. 

Ethyl ether, which is used largely as an aniesthetic as well as 
a solvent for fata, oils and resins, is prepared by the action of 
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Rulphuric acid upon an excess of ethyl alcoliol. The first step 
in the reaction is the formation of etliyl hydrogen sulphate. 

CjHjOH + HHSO,-)-C,HsHSO, + H^O. 

On allowing a further amount of alcohol to enter the flask, ether 
is formed and can be distilled off. 

C,H JISO4 + C jHjOH -> (C,Hj) 5O + II jSO,. 

Benzene and its Compounds 

All the carbon compounds hitherto discussed are of the chain 
typo, and belong to the aliphatic group of compounds. But 
there is another large class known as the ring or aromatic 
compounds, of which benzene, CcH^, is the first member. About 
half of the carbon compounds belong to this group. Benzene 
IS present in small quantities in coal gas. It is a volatile 
liquid boiling at 80*5®. From benzene and its homologues there 
can be derived compounds of the same types as have been 
discussed for the aliphatic group, c.g. alcohols, acids, halides, 
etc. The properties of these compounds show a general likene.ss 
to the corresponding compounds of the aliphatic class. 

Acid, CelljCOOH, benzoic acid. 

Halide, CsHjCl, chlorbenzene. 

Ether, C’oHsOCflHj, diphenyl ether. 

Cyanogen—Cyanides—Cyanates—Thiocyanates 

Cyanogen is formed by sending electric sparks between 
carbon poles in an atmosphere of nitrogen, more conveniently, 
however, by the action of a solution of copper sulphate upon 
potassium cyanide. The unstable cupric cyanide, at first thrown 
down, quickly decomposes, forming cuprous cyanide and 

cyanogen. 

2KCN + CuSO. ^ Cu(CN), + 

2Cu{CN),-^2CuCN -f (CN), 

Cyanogen is a poisonous gas which burns with a characteristic 
violet colour. It unites directly with the alkali metals, forming 
cyanides, 2Na -f (CN)b —> 2NaCN, and on being j>assed into a 
solution of the hydroxides of the alkalies, it forms a cyanide 
and a cyanato (auto-oxidation): 

2NaOH + (CN),-^NaCN -f NaCNO + H^O 

Cfr 2NaOH + CJ, NaCn + NaClO -j- H,0 



378 


AN INORGANIC CHE:\riSTRY 


Hydrocyanic Acid, a dilute solution of which is often known 
ns Prussic Aciil, is formed by distilling potassium cyanide and 
sulphuric acid. It is a colourless, intensely poisonous liquid 
boiling at 20-5'’. ^^’llen dissolved in water, it has a feebly acid 
reaction. The soluble cyanides are therefore strongly hydro¬ 
lysed in aqueous solution and react alkaline. 

KCN + H,0;=± KOH + HCN. 

There seems considerable doubt about the linking of the atoms 
in hydrocyanic acid ; the bulk of the evidence on the organic 
side indicates that two tautomeric forms exist in equilibrium, 

H-C -N ^H-N = C. 

whilstthetendcncy of this compound to add on oxygen, sulphur, 

etc., is held to support the formula H—N=C, where the C is 
unsaturated. 

Cyanates.—Owing to the strong reducing properties of tlie 
cj'anides, these compounds often contain small quantities of 
cyanates. These salts are, however, generally prepared by 
heating potassium cyanide with litharge or other suitable 
oxidising agent, KCN+PbO^KCNO+Pb. The cyanate is 
c.xtractcd by means of alcohol, in which it is freely soluble. 

Thiocyanates.—If the oxidation of potassium cyanide is 
effected with sulphur, instead of oxygen, a thio-cyanate is 
formed: 

KCN-f S-^KCNS. 

The oxidation can bo effected either by fusion, or even by 
mere boiling. The thiocyanates are important analytically 
owing to their forming a blood red colour in the presence of 
ferric iron (p, 204). 

FeClj + 3KCNS Fe(CNS )5 + 3Ka . 

Questions 

1. Give a succinct account of tho saturated hydrocarbons. 

action of water upon the nitrides, phosphides and 

3. A of coal gas hod tho following percentage composition by 

volume: Hydropn 40. mothano 35, carbon monoxide. 18. acetylene 6. 
nitrogen 2 ; 100 volumes of it are exploded after admixture with 180 

volumes of oxygon. Calculate the volume and composition of the result- 
mg mixturo of gasos. 
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4. A gaseous substance is found by experiment to be eight times ns 
heavy as hy(irogen (muasured uuder similar conditions of temperature 
and pressure). 

Fifty c.c. of the gas nro oxplotled with excess of oxygen, and the volume 
is found to contract after explosion and cooling by approximately 100 c.c. 
A further contraction of about 50 c.c. occurs after treatment of the residual 
gas with a solution of caustic soda. The final residue is found to bo j)ure 
oxygen. ^Vhat was the original gas, and what its molecular weight T 

5. Calculate the heat of formation of methane : 

C+0, =CO, +96 9 cals. 

H,+0 = H,0 + 68-4 cals. 

CH,+40=CO,+2H,O + 213 5 cals. 

6. Compare and contrast the compounds ethane, ethylene and acoty* 
lone. 

7. \Vhat is uomeri^m ? Illustrats your answer by reference to the 
poraffin bcries of hydrocarbons. 
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FLAME 

Combustion.—Tlic present day theory of combustion dates 
back to the time of Lavoisier, the great French clieraist, who 
successfully laid low the old “ phlogiston ” hypothesis, so 
vigorously championed by Stahl (see p. 6). In 1777 Lavoisier 
put forward the view that oxygen is necessary for combustion, 
and that when combustion occurs, the increase in the weight of 
the substance burnt is exactly equal to the weight of the oxygen 
which has disappeared from the surrounding atmosphere, and 
he was able to substantiate these views by incontrovertible 
experiments. Combustion, then, is ‘nothing but the process of 
oxidation accompanied by the development of light and heat. The 
term oxidation is hero understood in its widest sense and is not 
limited to processes in which oxygen takes part, so that one may 

quite well speak of the combustion 
of phosphorus in chlorine. 

Generally speaking, the atmo¬ 
sphere surrounding the burning 
substance is referred to as the 
supporter of combustion, wliilst 
that which is actually burning is 
knowTi as the combustible. When 
coal gas bums in air, the coal gas 
is viewed as the combustible, the 
air as the supporter of combus¬ 
tion, but after all this is merely 
a convention, for with a slight 
alteration in the conditions of the 
experiment air, i.e. oxygen, can 

be made to burn in coal gas. 

This can be strikingly sho\vn by means of the apparatus 
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shown in Fig. 100. The hole at the top of the chimney is at 
first closed. Coal gas is passed through the cliiinncy from below 
until the air is completely displaced. The escaping coal gas is 
then lit at A. If the hole at the top is now uncovered, the 
flame recedes up the tube from A to B. Tliis flame is, as it were, 
the normal coal gas flame turned in.side out, and is the result of 
the vigorous reduction of atmospheric oxygen by the surrounding 
coal gas. By tins means air, which is generally the supporter 
of combustion, is turned into the combustible. 


The Structure of Fl.\me 

The Candle.—An examination of the candle flame leads 


to the conclusion that there are four distinct zones 


At the bottom 
of the flame 
there is a small 
region c, bright 
blue in colour, 
which is non- 
luminous. Just 
above this there 
is a dark space 
This con¬ 
sists of unimrnt 
gases formed by 
the decomposi¬ 
tion of the 
heavy hydro¬ 
carbons drawTi 
up the wick by 
the forces of 




(Fig- 101). 




capillarity. That the flame is indeed hollow, can be readily 
demonstrated either by inserting a narrow tube into the flame 
and igniting the issuing inflammable gases, or by depressing 
a piece of asbestos paper upon the flame, when the centre of the 
paper is found to bo quite unmarked by the flame. Above the 
dark cone is a brightly luminous portion a and surrounding the 
whole flame there wU be seen a faintly luminous mantle b. In each 

portion of the flame characteristic chemical processes take place. 

In the area 6 there is suflicient oxygen present for the complete 
combustion of the hydrocarbons derived from the candle. The 
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(lark cone d consists of unburnt gases, and the luminous mantle 
a owes its luminosity to the presence of incandescent particles 
of carbon. It is known that ethylene (q.v.), etc., breaks down 
when strongly' heated, forming acetylene, whilst under similar 
treatment acetylene yields carbon and hydrogen. Presumably, 
therefore, the heavy hydrocarbons from the wick undergo a 
similar decomposition. In the outer mantle the mixture of 
carbon, hj'drogen and undissociated hydrocarbons undergoes 
complete oxidation to the final products—water and carbon 
dioxide. 

The Bunsen Burner.—This w’ell-known burner is capable 
of giving two distinct types of flame—the luminous and the 
non-luminous, the latter being prcxluccd when extra air is 
admitted along with the gas by adjusting the air-holes at the 
bottom of the burner. The luminous flame is very similar to 

that of a candle flame, o consists of unburnt 
gases, 6 is a bright blue layer, forming a 
cap over the dark zone, c is the large lumi¬ 
nous cone and d the outer, non-luminous 
mantle (Fig. 102 a). 

In the non-luminous flame only three parts. 

(а) The inner dark cone of unburnt gases 
of the flame can be distinguished (Fig. 
102b) : 

(б) The blue sheath covering this. 

(c) The outer mantle. 

Little progress concerning the structure of 

the Bunsen burner was made until Sraithells 
introduced the special burner, that enabled 
the gases pr(5sent between the blue cone and 
the outer mantle to be removed without 
disturbing the equilibrium, as had ahvays 
been done hitherto wdien attempts w ere made 
to remove the gases by means of a tube. 

Fio. 103. The Smithells’ burner consists of two co¬ 

axial tubes, the outer of which can be easily 
slid up and do^vn (Fig. 103). Both the tubes are capped wdth 
mica. The smaller tube is fitted over a Bunsen burner, and 
the burner lit with the tops of the two tubes in the same plane. 
By adjusting the air holes the flame is made just non-luminous, 
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and then the outer tub© is carefully slid upwards. It is 
found that the outer cone ascends with the outer tube, 
wlulst the inner blue cone remains upon the inner tube. In 
this way the two cones are pulled apart. Samples of the gas 
present between the two cones can be tapped o0 ut will througii 
a side tube. 

Soon after the introduction of this burner Haber succeeded in 
showing that the gases between the blue and the outer cones 
consisted of the oxides of carbon, hydrogen and water in a state 
of equilibrium, 

CO + H,O^CO,-f-H,. 

Therefore, in this part of the flame the water gas equilibrium 
exists, and whatever oxygen penetrates to this part of the flame 
distributes itself in accordance with tlie above equation. It was 
shown conclusively that the above equilibrium changed with the 
temperature of the flame (cf. Table 37, p. 3C0). Especially 
interesting was the observation that the observed temperature 
of the inner cone of a Bunsen burner coincided with that 

demanded by the W'ater-gas equilibrium mixture as found in this 
portion of the flame. 

In the innermost cone of a 
non-lurainous flame, there¬ 
fore, the carbon is first at¬ 
tacked while the hydrogen is 
left unoxidised. If these facts 
applied to the luminous 
flame where optical tests 
reveal the presence of solid 
incandescent particles, there 
^n be little doubt that in the 
innermost cone the hydro¬ 
carbons are broken into a 
mixture of carbon and hydro¬ 
gen. Ethylene is a consti¬ 
tuent of coal gas, and the 
effect of heating this gas is 
fo break it down first into 
acetylene, and finally into carbon and hydrogen. The presence 
of solid carbon particles in the luminous flame, therefore, receives 
a satisfactoiy explanation from this theory. Strong support of 
this view is afforded by the formation of acetylene when air burns 
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in coal ^as. The pas containing the products of combustion is 
led tliroupli a wash-bottle containing an ammoniacal solution of 
ciiprons cilloride (Fig. 104) ; cop|x'r acelylide is pn'cipitated. 

In the oilier mantle of a Bunsen flame complete oxidation to 
carbon dioxide and water takes place, at least if the supply of 
air is properly ailjusted. If the gas issues at too high a pressure 
small quantities of carbon monoxide and of hydrogen may 
escape combustion, and are found among the products of 
combustion. 

The action of Air in a Bunsen Burner.—Seeing that the 
same amount of gas is l)urnt by a Inirner whether the flame be 
luminous or nonduminous, and that the ultimate products of 
the combustion are the same in both cases, at first sight one 
might be tcinjited to conclude that the same temperature would 
be reached by either typo of flame. Such a conclusion would, 
however, not be justified, because : 

(1) The air admitted into the burner has to be raised to the 
temperature of tlie flame, and will therefore exert a cooling 
effect. 

(2) The larger luminous flame loses by radiation into space 
more tlian double the amount of heat lost by the more compact 
non-Iuminous flame. 

The net result of this is that the non*luminous flame is consider- 
ably hotter than the luminous. According to the determination 
of F<5ry (1904), the maximum attainable temperature with a 
Bunsen non-Iuminous flame does not exceed 1,870®, while 
Lewes (1895) claims that a luminous flame gives a maximum 
temperature of 1,330®. 

The eft'ect of the air in reducing the luminosity of a Bunsen 
flame is somewhat complicated and probably arises from tliree 
sources ; 

(a) Oxidation .—presence of solid carbon particles in the 
luminous flame, and tlic appearance of carbon monoxide in the 
inner mantle of the non-Iuminous flame suggest that the oxygen 
of the admitted air prevents the separation of the carbon particles 
by bringing about their oxidation to carbon monoxide. This is 
supported by the experiments of Lewes, who tested the effect upon 
the luminosity of a flame by changing the percentage of oxygen 
in the admitted air. Thus: 
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Mixture of 0 : N . 1:0 1:1 1:2 1:3 1 : o 

Vol. of gas admitted to 

1 of coal gas to give 

non-luminous llarne O o 1 1-5 20 2-3 

(6) The Cooling of the FUinic .—As already indicated, all gases 
introduced into the burner must be healed to the temperature 
of the flame. Whatever action the admitted oxygen may have 
in promoting oxidation, the effect of the nitrogen must be to 
lower the temperature of the flame. I^ewes found that the 
luminosity of the flame was greatly diminished by other inert 
gases : 


Gas. 

Nitrogen 

Carbon dioxulc 

Vol. require^l to produce non- 



luminous flamo 

2-3 

13 


ThLs cooling action plays an important part in the luminosity 
of a flame as is shown by the following facts : 

1. A luminous flame becomes much less luminous if it is made 
to impinge upon a lump of iron, etc. 

2. If the admixed gases of a Bunsen burner which normally’ pro¬ 
duce a non-luminous flame are heated prior to ignition, the flame 
iKJcomes lumin¬ 
ous (Fig. 105). 

3. If the dilut¬ 
ing gas is heated 
before entering 
the burner, the 
lumin 08 ity is 
considerably in¬ 
creased. 

(c) The slahility of the hgdrocarhons is considerably increased 
by the presence of the nitrogen. Possibly this is due to the 
dilution affecting tho speed of the dissociation of the heavy 
hydrocarbons, so that tho ethylene, etc., escapes tho usual 
dissociation as it passes into the inner mantle, and when it docs 
react at the higlier temperature ruling in tho upper portions 
of the flame, no separation of carbon takes place. 

The Explosion Wave and the Bunsen Burner. Tho 
velocity of an explosion wave is conditioned by tho rate at 

CO 
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which tlie combustion spreads tlirougljout a mixture. The 
velocity witli which this explosion wave i.s propagated, depends 
upon tlie relative concentrations of the reacting substances. 
When a Bunsen burner is burning quietly, fed by the usual 
mixture (about 2-5 of air to 1 of coal gas), the combustion at 
the mouth of the burner is explosive in nature, but, as the speed 
with which the gases arc issuing exceeds the speed of the explosion 
wave, this wave does not strike down the burner. If, however, 
the ratio of air to gas is increased by reducing the supply of gas, 
there is a concsponcling increase in the velocity of the explosion 

w’ave, and, sooner or later, the 
exjdosion wave will be propagated 
at a rate greater than the rate at 
which the gases are issuing at 
the jet, hence the burner strikes 
baek. The effect can be beauti¬ 
fully illustrated by clamping a 
long glass tube 5-6 feet long and 
about 4 cms. wide, over the 
mouth of a Bunsen burner, the 
ingress of air being prevented by 
plugging the junction with cotton 
wool. The air holes are first of 
all closed and the jet of gas lit. 
It is advisable not to turn on the 
tap full. If the air holes are now 
slowly opened, the luminous flame 
gives way to a well-defined double 
cone. The luminous flame be¬ 
comes more and more unstable as 
the proportion of air is increased 
by opening the air holes, i.e. the rate of the explosion wave is only 
slightly exceeded by the speed at which the gases are rushing 
through the tube. A further increase in the amount of air 
admitted causes the wave to strike down the tube with consider¬ 
able violence. The flame continues to burn at the top of the 
burner itself. 

This tendency of the Bunsen burner to strike back mitigates 
against attaining the highest possible temperature for the amount 
of gas consumed, seeing that for complete combustion over twice 
as much air is required os this type of burner will bear without 
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striking back. This difficulty has been overcome in the Meker 
burner, wherein a mechanical barrier in the form of a deep grid 
is interposed at the top of the burner to prevent the str ikin g 
back. With this arrangement and with large air holes the flame 
secures sufficient air for complete combustion, and there is no 
inner cone of unburnt gas (Fig. 106). 

Question's 

1. Give an account of the structure of the (lame of a Dunsen burner. 

2. What theories have boon put forward to explain the luminosity of 
flarnoH ? 

3. Write an account of what is understood by the term cemhustion. 

4. By what moans may the luminosity of a flnmo l>o increased ? 

6. How do you account for the brilliancy of the light given out when 
“incandescent'' mantles are used with a non-luminous gas flame ? 
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SILICON 

General Remarks.—Silicon belongs to the fourth group of 
the Periodic Table, falling immediately below carbon. In many 
resj)ects a very close resemblance exists between these elements. 
Jliis is reflected in the strong similarity between the oxides 
SiOj and CO*, a.s well as in the tendency of silicon to form a 
short series of liomologues SiH,. Siallo, etc. 

Occurrence.—In combination with otluT elements silicon 
constitutes more than a quarter of the earth s crust, ranking 
next to oxygen, yilieon dioxide (silica) occurs freely in nature 
in tlie form of sand, quartz, etc., but enormous quantities of it 
also occur in a state of combination witli bases, forming silicates, 
the chief constituent of rocks. 

Preparation.—Silicon, like its analogue carbon, can be 
obtained in more than one modification. 

Amorphous Silicon may be made by the action of sodium upon 
t!»o vapour of silicon tetrachloride, the resulting sodium chloride 
being waslicd away from the amorphous powder. 

4Na + SiCI*->4NaCl +Si. 

In place of silicon tetrachloride, which is inconvenient to handle, 
it is customary to use sodium silico-fluorido when the reaction 
is represented by the equation 

Na^SiFe + 4Na ^ 6NaF + Si. 

The sodium fluoride is dissolved away by careful washing with 
hydrofluoric acid and water. 

The best method of preparing amorphous silicon is by the 
action of magnesium on silicon dioxide, 

2 Jig + SiOj Si + 2MgO. 

388 
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The reaction is gencrall\’ vigorous,and often loads to tla- f(n niation 
of small quantities of magnesium silicide. The resulting mass is 
freed from magnesium silicide and oxide by the action of h^’dro* 
chloric acid. 

Crystalline Silicon can be obtained by dissolving the amor[)hous 
form in molten zinc. If, after cooling, the zinc is dissolved out 
l)y means of an acid, crystalline silicon remains. Good yields 
are obtained bv pa.ssing silicon tetratiuoride over aluminium 
heated in a hydrogen atmosphere. In this case tlio aluminium 
acts both as reducing agent and as solvent. As soon as the silicon 
is formed, it dissolves in the aluminium, but it is thrown out in 
shining crysUiIs on cooling. A chemically similar method in 
which a different reducing agent and solvent arc cmploye<l is 
the reaction between sodium silicofluoridc, sodium (rc^lucing 
agent) and zinc (solvent). 


Properties.—Amorphous silicon is a dark brown powder 
which i.s di.stinctly reactive. It combines frt'cly with chlorine 
at 450°, bromine at 500°, sulphur at 600°, nitrogen at 1,060° 
forming a nitride, Si 3 N 4 . It reacts readily with liydrogen 
fluoride, but witli hydrogen chloride only at a bright red heat. 

Si + 4IICI->SiCl4-f 2H,. 

With steam it forms silica and hydrogen at a bright red heat. 
It is freely -soluble in alkalies, forming a rneUi-silieate and liberat¬ 
ing hydrogen. 

Si + 2NaOII + 11,0 —> Na^SiOj + 2H ^ 

this reaction forming the basis of a method of manufacturing 
hydrogen for airships and balloons. It is scarcely attacked by 
acids, a mixture of hydrofluoric and nitric acids dissolving it 
slowly with the formation of silicon fluoride. 

Crystalline silicon occurs in shining metallic octahodra, belong¬ 
ing to the regular system. It is brittle and hard cnougli to 
scratch glass. It is a good conductor of electricity, comparing 
well with graphite. Chemically, it behaves much like the 
amorphous form, but owing to its decreased surface, is less 
reactive. Both varieties oxidise superficially on heating. It 
reacts with chlorine, hydrofluoric acid and steam in a similar 
way to the amorphous form. 

Both kinds of sUicoii dissolve on boding with sodium or 
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potassium hydroxide, while, with fused potassium carbonate, 
carbon is displaced, i.e. silicon is able to displace carbon from 
an oxy-compound at this temperature. 

K.COa-bJ^i^K^SiOa + C. 

A similar tendency was remarked in the halogen group, e.g. 
iodine displaces elilorine from a chlorate. In a grouj) of related 
elements the reducing power of the element is often found tn 
increase with the atomic weight. 

During recent years silicon lias assumed a certain importance 
commercially through the discovery that its presence in small 
quantities in steel has a marked influence upon the hardness 
and other ph 3 *sical properties. 

Silicon Hydride.—At least three compounds of silicon and 
hydrogen arc known, silieo-methane, SiH,, silico-cthane Si^Ho. 
aiifl silieo-acetylene SijHj. 

Silico-mcthane, or silicane, is prepared by acting upon 

magnesium silicido with hydrochloric acid. 

Mg,Si +4HCl->2MgCl, + SiH,. 

A gas which is spontaneously inflammable escapes, consequently 
the operation has to be carried out in an atmosphere of hydrogen 
or coal gas. The inflammability arises from the presence of 
silico-clliane. In order to isolate silico-mcthanc, the gaseous 
pioducts are led through a condenser immersed in liquid air, 
when a mixture of silico-mcthane and silico-ethane separates out. 
This mixture is resolved into its constituents by careful 
fractionation. 

Silico-methano is a colourless gas, which decomposes explosively 
on heating above 400^ On burning the gas, sUicon dioxide and 
water arc formed. It reacts most energetically when passed 
into potassium hydroxide. 

2KOH + H,0 + SiH, K,SiO, + 4H 

Potnssilini silicat©. 

It is a more vigorous reducing agent than its analogue methane, 
CH 4 , for on passing into a solution of copper sulphate, a mixture 
of copper and copper silicide is thro^vn down (cf. reducing action 
of HCl and HI). The chief interest attaching to sUico-ethane 
and silico-acetylene lies in the fact that they emphasise the strong 
relationship between the analogues, silicon and carbon 
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Silicon Halides 

The wcll-dcfincd nature of the halides of carbon, CClj, CjClc* 
CHClj, etc., already discussed, and the family relationship exist¬ 
ing between silicon and carbon would lead one to expect the 
existence of a similar series of halides in the case of silicon. Such 
a series does exist, though the number of such compounds is 
very much less. However, sufficient have been investigated to 
show that silicon docs possess in a minor degree the same power 
of chain linking that has le<l to such fruitful results in the case of 
carbon. 

Silicon forms the following halides: 

SiCI, SijCl, Si^CU SillCl, 

cf. CCl. C,CU C 3 CI 6 CHCI 3 

whilst bromine, iodine and fluorine form almost similar com¬ 
pounds. Of tliese compounds silicon tetrachloride and tetra- 
fluoride arc of most importance. 

Silicon Tetrafluoride has been made by the direct action of 
fluorine upon amorphous silicon, but it is generally prepared by 
acting upon silica or a silicate with hydrogen fluoride. 

SiO, -f 4 HF^SiF 4 + 2H,0. 

In practice, the hydrogen fluoride is generated from an intimate 
mixture of calcium fluoride and sulphuric acid. Silicon tetra- 
fluoride is a colourless, fuming gas, which is freely hydrolysed 
by water W'ith the precipitation of gelatinous ortho-silicic acid, 

SiF4+4H30-^ Si(OH).i 4-4HF. 

The hydrolytically generated hydrofluoric acid immediately 
combines with another molecule of silicon tetrafluoride, forming 
hydrofluosilicic acid. 

SiF4-l-2HF;^H,SiFe. 

Hydrofluosilicic Acid cannot bo obtained in the pure state, 
for, on concentrating its solutions, the equilibrium, 

SiF. + 2HF^H,SiF. 

is disturbed by the escape of the volatile silicon tetrafluoride and 
hydrogen fluoride. Many salts of this acid have been pre » 
of which those of barium and of potassium are fairly insoluble. 
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Silicon Tetrachloride is prodnccd by the direct action of 
clilorino upon silicon, or more often on an intimate mixture of 
silica and carbon. In this latter reaction the carbon reduces the 
silica to silicon, and reaction between the silicon and chlorine 
at once takes place (cf. preparation of the chlorides of aluminium, 
cliromium, boron, etc.). 

SiO, I- 2C + 2CU-^SiCl, -f- 2CO. 

Silicon tctracliloride is a colourless liquid \\hich fumes strongly 
in the air, and boils at 59-2°. It reacts at once with water. 

SiCU+4HOn->Si(OH), +4HCI. 

In this respect there is a marked difTerence from carbon 
tetrachloride which hydrolyses very slowly. Silicon tetrachloride 
is also formed when crystalline silicon is heated with hydrogen 
chloride. A mixture of silicon tetrachloride and siUco-chloroform, 
SiHCIj, is formed and the latter can be separated by fractional 
distillation. 

Silico-chloroform is a liquid boiling at 33\ When it is treated 
with water, silico-fonnic acid is formed. 

Cl KOH .OH 

H—C^Cl+KOH —>H-c 4()H4 3KC1 ^ 
xn KOH \ni 

Chloroform. Ortlio formic acid. QJJ 

H-C/ -hlRO I-3KC1 
^0 

Formic acid. 

Cl HOH OH 

n-SifCl+HOH ->H-Si^0Hd-3HCl 
^C1 HOH XOH 

Silico-chloroform. Silico-formic ncid. 

Silicon Carbide.—Silicon carbide, SiC, one particular variety 
of which is known as carborundum, is made on the commercial 
scale by fusing together a mixture of sand, coke and a small 
quantity of salt and sawdust. The fusion is carried out in an 
electric furnace at a temperature of 3,500*'. The object of the 
sawdust is to impart porosity to the charge, while the salt removes 
the oxides of the metals, e.g, iron, in the form of the volatile 
chloride. The essential chemical reaction is given in the eq^uation, 

SiO, + 3CSiC 4-2C0. 
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On cooling tlie furnace a central core of graphite is found, arising 
from the dissociation of the silicon carbide first formed there. 
Surrounding this core are found crystals of silicon carbide, the 
best grade being found near the core. After grinding and 
purifying by means of sulphuric acid, it is graded and put on 
the market as an abra>sive. 

Silicon carbide crystallises in the hexagonal system, its crystals 
showing a line play of colours. It is e.\tremely inactive elieniicully. 
Oxygen and sulphur are without action even at while 

chlorine has only a superficial action at COO®. Acids arc also 
without action. When it is fused with pota.ssium hydroxide, a 
mixture of silicate and carbonate is obtained. 


Silicon Dioxide.—Silicon dioxide (silica) occurs widely in 
nature in a fairly pure state, whilst its distrihutirni in the form of 
silicate is even more abundant. A.s examples of silica the follow¬ 
ing will serve: flint and opal, sliglitly hydrated amorphous 
forms of silica; kie.sel-guhr (diatomaceous cartli), smoky quartz, 
which probably owes itxS appearance to the presence of carbon¬ 
aceous material, milky quartz, amethyst, and lastly, quartz or 
rock crystal. Quartz crystallises in the hexagonal system, 
hexagonal prisms terminating in hexagonal pyramids hiing 
generally found. Many of these crystals arc of very considerable 
size. The purest varieties have a sj)ccilic gravity 2*(>8 at 4®. 
Distinctive colours are often imparted to the crystals of quartz 
by traces of extraneous oxides, viz. amethyst, which owes its 
colour to tlie presence of manganese. 

Silica occurs in tw'o other modifications —truhjmilc and 
cristcbalile ; the former of these crystallises in the hexagonal 
system with a specific gravity 2-33, the latter in the regular 
system (sp. gr. 2-34). Tridymite is the stable form at high 
temperatures, though there is still doubt as to its exact transition 
temperature. 

The exact melting point of silica is not know'ii, but at 1,500® it 
is distinctly plastic. When in the molten state, it can be worked 
into various forms of chemical apparatus. The resistance of 
quartz vessels towards anything but alkaline liquids is much 
greater than that of glass ; while, owing to its small cocfiicicnt 
of expansion, vessels made of quartz can be subjected to great 
temperature variations without fear of fracture. Quartz also 
finds application in the manufacture of threads for suspension 
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work, wliilo its transparency to ultraviolet light is taken atlvantage 
of in certain branches of spectroscopic work. 

Silica is exceedingly unreaetivc chemically. Hydrogen sul¬ 
phide has a slight action above 1.000®, forming silicon di.sulphirle, 
and tiuorine alone among the halogens attacks it. Acids, with 
the exception of hydrofluoric acid, aro without action. The 
alkalies, calcium, barium, and magnesium reduce silica to silicon. 
When .silica is boiled u ith sodium or potassium hydroxide, ready 
solution takes place with the formation of the ortho-silicato. 

4K()H + Si02-> K,.SiO* + 2H,0. 

On fusing with the alkali carbonates the metasilicates arc formed. 

Na^COj + SiO, Na^SiOj + CO^. 

The replacement of the weakly acidic carbon dioxide by the still 
more weakly acidic silicon dioxide is due to the greater volatility 
of the carbon dioxide at this temperature. Even sulphates aro 
similaily broken down by silica at very high tcm 2 )cratuics, owing 
to the greater volatility of sulphur trioxidc. 

Silicic Acid. When the silicate of an alkali is treated with 

hydrochloric acid, a gelatinous jjrecipitato is slowly thrown 
down. 

Na.SiOa + 2IIC1 + H,0-> Si(OH). i + 2NaCl. 

The precipitate is supposed to be hydrated ortho-silicic acid, 
but although many attempts have been made to obtain the ortho- 
and meta-acid by the dehydration of this precipitate, there is no 
definite evidence that such compounds exist. Thus the vapour 
pressure curve shows no break when water vapour is steadily 
removed, ns does that for hydrated copper sulphate. And yet 
many compounds of these acids are knowm. This, after all, is 
no new plienomcnon, for many cases have already been mot 
with where the acid has not been prepared in the pure state, but 
well-defined stable salts exist (cf. thiosulphuric acid). 

In the above reaction for the preparation of silicic acid, if 
the solution of the silicate is poured slowly into concentrated 
hydrochloric acid, the silicic acid does not separate out, but 
remains in colloidal solution. As such, it forms what Graham 
termed a Hydrosol. The colloidal solution of silicic acid will 
pass tlirough an ordinary filter paper, so that in order to effect a 
separation from the sodium chloride, the process of dialysis is 
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made use of. The solution is placed in a vessel the bottom of 
which consists of parchment or animal membrane, and the 
whole is placed in running water. Dissolved salts or cn/stalhids 
have the power to pa.ss unhindered through such a membrane, 
hut the larger colloidal particles are unable to escape from the 
cell. 

The gelatinous form of silicic acid, prepared, as above, by the 
addition of hydrochloric acid to a solution of a soluble silicate, 
was named a hydrogel by Graham. 

PKOrERTIES OF COLLOIDAL SOLUTIONS 

Colloidal particles, whether prepared by dialysis, by the 
sparking method (p. 113) or by chemical means, possess certain 
interesting and important properties. As a rule, colloids, e.g. 
albumen, are readil}’ coagulated by heat. All colloids carry a 
definite electrical charge ; for instance, it has been shown that if 
a colloidal solution of a metal, sulphur, or a sulphide is electrolysed 
in a U-tube, the colloid wanders to the positive pole. This 
proves that these colloids are negatively charged. A migration 
of tliis type is known as elcctrophorejiis or clerical endosmosis. 
The phenomenon differs from ionic migrations (p. 420) as 
there is no migration of charged ions in the oppo.sito direction. 
When the charged colloid reaches the oppositely charged electrode 
the charge carried by the colloid is neutralised, and precipitation 
or coagulation of the colloid ensues. The Brownian movement 
of colloids under the bombarding action of the solvent molecules 
has already been referred to (q.v.). One would expect that 
collision between the rapidly moving colloidal particles, followed 
by coagulation, would ensue, but the fact that these particles 
carry a like charge and therefore repel each other, ellectively 
prevents coalescence of the particles into larger agglomerates. 
Among the colloids which bear a positive charge arc the metallic 
hydroxides, e.g. Fc{OH) 3 , and many of the organic dyestuffs. 

Another method of producing the coagulation of a colloidal 
solution is by the addition of a suitable electrolyte. A negatively 
charged colloid is precipitated by fairly small quantities of a salt 
containing a divalent cathion, e.g. CaClj (p. 411); more effectively 
still, by the action of small quantities of a salt containing a tri- or 
tetra-valent cathion, e.g. AICI 3 ; the efficiency of the electrolyte 
increases rapidly with a rise in the valence of the cathion. 
Similarly, the valence of the anion is the prime factor in deter- 
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inininj' llio coaguIa(i?i<: j)o\ver of a salt towards a positively 
ehargj'd colloid. Thus ferric hydroxide is coagulated by smaller 
((uautitios of a sulpliate tlian of a cliloride, wliilst a phosphate is 
evoti more elective in inducing coagulation. As is to be expected, 
the mixing of two colloids, one positively charged, the other 
negatively, causes immediate precipitation of both. 


Silicates 

No system acceptable to the chemist and the mineralogist has 
yet been j)roposed for the classification of naturally occurring 
silicates. Tlie frequent occurrence of such amphoteric oxides 
as AI..O3 in these silicates raises the question as to whether the 
aluminium isprc.sent as an aluminium silicate or as an aluminate- 
silicate, a question not yet answered in many cases. Again, a 
compound of the general formula, R^SiO, may be classed as a 
neutr.al ortho-silicate derived from orthosilicic acid, but such a 
salt may also be classed as a basic mefa-silicate RjSiOj-RjO. 
Tlie difliculty of answering .such questions as these has prevented 
a satisfactory scheme of classification from being adopted. 
Probably that of Grotli is the most satisfactory yet proposed. 
He refers the silicates to the following acids : 


H^SiO, 

Il.SiO,- 11,0 -HjSiOj 

2H,Si(),_ 1K() -H.Si.O, 
L>II,Ni04-3H,0=H,Si„(), 


Orthosilicic acid 
Metasilicic acid 
Diparasilieic acid 
Dimetasilicic acid 
Tri-orthosilicic acid 


These are summarised in the following table : 


TABLE 40 


1 

1 

Name. 

IlyjiatbnflcAl 

BCUI. 

SlUcfitc. 

Mona. 

Dl. 

TrI. 

Poly. 

Motft- . 

Ortho-. 1 
Taro- . 

H,0 RiO, 
2 HaORi(), 
3H,0 SiO, 

RjO SiO, 

3R,0 SiO, 

R .O 2SiO, 
2R,0 USiO, 
3R,0 2SiO, 

R 5 O 3SiO, 
2K,0 3SiOj 
3R,0 3SiO, 

R.O-jrSiOj 
2R'()iSiO, 
3R,0 a-SiO, 


As examples of orthosilicates we have garnet, CajAl, (Si 04 )a; 
zircon, ZrSiO,; kaolin. H,AI,(Si 04 ),-H ,0 ; mica. KH,AI, (SiO,),. 
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Metasilicat<?s—beryl, GI: enstatite, MgSiO,. 

DLilicate—serpentine, MgiSijO/iHjO. 

Tridilicate—orthoclase, KAlSijOg (potasaium felspar). 

Glass.—Glass is a complex silicate of varying composition. 
Slight alterations in the composition of the ghiss exercise a 
far-reaching influence upon the properties of the glass. In 
general, one may say that glass Ls made by the fusing together of 
such bases as lime, lead oxide, soda or potash with varj'ing 
amounts of j)urc sand. Soda glass, formed in accordance with 

the equation 

Na ,C0 3 + CaCO 3 + 6SiO j —> Na jSiO 3,CaSiOa,4SiO a + 2C0 , 

is very fusible, hence it is often referred to as soft glass. The 
fusion is eflfeeted in fireelay pots, and when the mass has cooled 
to a pasty state, a little is colleeted at the end of an iron tube and 
then blown into a mould of the desired shai>c. Glass, which has 
been rapidly cooled, is liable to splinter, and in order to counter¬ 
act this, it must be carefully annealed, i.e. cooled in a specially 
designed kiln. 

Potash glass, commonly knowm as Bohemian glass, is much 
harder and more diflicult to fu.se than soda gla-ss. Moreover, 
the glas-s is less readily attacked by water and chemical reagents, 
hence its extensive use in the manufacture of beakers, etc. It 
is really a potash-lime silicate. If the lime is replaced by lead 
oxide, flint glass is obtained. This typo of glass is charactcriset 
by its high refractive power and is used extensively in the 
manufacture of lenses and for cut glass ornaments. 

The addition of various metallic oxides produces a marked 
diflercnce in the colour of the glass. Small quantities of cobalt 
oxide yield a blue glass; finely divided gold and copper scattered 
throughout the glass in a fine state of coUoidal suspension give 
a ruby red glass. White glass is produced by the addition of 
bone-ash or cryolite to the melt. In the manufacture of bolt e 
glass sodium sulphate is used instead of the more valuable 

carbonate. , 

On heating glass it passes slowly through a pasty state and 

finally into a liquid. The absence of a definite melting point and 
of a definite crystalline structure shows the amorphous nature 
of glass. It is a supercooled liquid. Crystallisation may e 
induced in the glass by maintaining it for some time at a temper- 
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aturo somcwliat below the softening point. Such glass is said 
to devitrify. 


Questions 

of proimnUion and more important pro- 
poruoH of colloulal solutions. * ^ 

n,/i' coiitnust the more imjiortant compounds of carbon 

tiiiu silicon. 

3. (iive an ^count of the liydridos of silicon and corniiaro them with 
the corresponding compomids of carbon. 

nu-ans may one prepare sUicon tetra-nuorido ? How 
U 008 It boliavo whou treatod udth water ? 

f>. J'.xplain the terms : dialysis, electrophoresis, coagulation. 

U. Compare the allotropio modifications of carbon and silicon. 


CHAPTER XXVn 


OSMOTIC PRESSURE—MOLECULAR WEIGHTS OF 

DISSOLVED SUBSTANCES 

Semi-Permeable Membranes.—The metal palladium pos- 
sessses the rather unusual property of being aj)preciably permeable 
to hydrogen at temperatures above 200®. This permeability is 
undoubtedly associated with the ready solubility of the hydrogen 
in the metal. Quantitative experiments on the permeability of 
hydrogen through palladium have been carried out by means of 
a palladium tube. This was filled with nitrogen at a pressure 
Pi, connected with a manometer and immersed in a vessel filled 
with hydrogen at a constant pressure p,. It was found that 
the manometer, which was attached to the palladium tube, 
showed a steady increase in pressure until its value nearly 
equalled the sum Pi+p,. In short, the hydrogen dLstributed 
itself between the two compartments of the apparatus until its 
pressure within and without the palladium tube was the same, 
or nearly so. A membrane behaving in this way is known as a 
semi-permeable membrane. In practice, no such membrane is 
perfect but many satisfactory semi-permeable membranes are 
known. Thus it has long been known that animal membrane is 
permeable to water but not to all dissolved substances. In 18G7 
Traube showed that a chemical semi-permeable membrane could 
be readily made by precipitation, though it was PfefTer (1877) 
who successfully developed Traube’s idea. Pfefler used a porous 
cell into which he put a solution of potassium ferrocyanide. 
This cell was then placed in a solution of copjMjr sulphate, and 
when the diffused liquids met, a precipitate of copper forro- 
cyanide, strongly supported by the w’alls of the cell, was formed. 
Nowadays it is the custom to aid the diffusion by means of the 
electric current, thereby hastening the formation of the mem¬ 
brane. Such a chemical mombrano is readily permeable to 

39& 
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water, blit opjioses a nearly perfect barrier to the passage of 
(ILssoIvciI susbtanccs. 

O 51 MOTIC Pressurr 

PfclTiT, the pioneer investigator in this branch of work, placed 
a sugar solution of known strength witliin such a cell, a mano¬ 
meter was attaclied, and the whole placed in a vessel containing 

pure water (Pig. 107). 

Tho manometer indicated a 
slow hut steady increase in pres¬ 
sure within the cell. Water had 
evidently passed through the 
membrane into tho cell. When 
tho hydrostatic pressure exerted 
downwards was exactly equal to 
the tendency of the water to 
wander inwards, equilibrium was 
reached, and the solution exerted 
its maximum osmotic pressure. 
This ecjuilihrium is of a jmrely 
dynamic nature, and is reached 
when the number of moloeules of 
solvent passing through the mem¬ 
brane in the one direction per unit 
of time is exactly equal to tlio 
number traversing the membrane 
in the other direction. The wan¬ 
dering of the solvent through tho 
membrane is known as Osviosis. 

Many theories as to what constitutes tho osmotic pressure 
have been advanced—an indication in itself that we do not yet 
undei-stand the mcehnnisiii of the phenomenon. Van’t Hoff put 
forward tho suggestion that tho pressure arises from tho bom¬ 
bardment of the membrane by tho dissolved particles in their 
endeavour to diffuse into tho solvent and thus make a solution 
of uniform concentration. Undoubtedly both solvent and solute 
molecules are in a violent state of motion, as a result of which 
uniformity of concentration would bo attained, were it not for 
tlio intervening membrane. In the apparatus above described 
the dilution of tho sugar solution can only be effected by the 
entrance of tlio solvent through tho semi-permeable membrane. 
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It 13 this striving on the part of the solution to attain a uniform 
concentration wliich enables us to measure with tlie above 
apparatus tlie osmotic pressure, i.c. tl»e pressure of the solution 
in excess of that ruling in the solvent itself. 

If a porous cell, prepared as described above, and containing 
a sugar solution, is placed in a corresponding solution which is 
more concentrated, it is found that solvent wanders out of the 
porous cell, i.c. there is migration of the solvent from the more 
dilute to the more concentrated solution. When the solution 
within and without the cell shows no such migration of solvent, 
they arc said to be isotonic, i.e. of equal osmotic pressure. 

One of the earliest methods of comparing the osmotic pressure 
of solutions lay in the use of vegetable cells. Attached to the 
out(;r walls of such cells are vegetable protoplasmic tissues, 
forming a semi-permeable membrane, through which the various 
salts present in the siip arc unable to pass. If such a vegetable 
cell is placed in a solution more concentraUHl than the vegetable 
sap. the protoj)lasmic layer is seen to shrink away from the cell 
wall owing to the extraction of water from the sap. On the 
other hand, if such a cell is placed in a solution more dilute than 
the saj) liquid, water passes through the vegetable wall into the 
cell, which becomes dLstendod. When it is placed in an isotonic 
solution, no movement of the protoplasmic layer occurs. 

Occasionally blocKl cells (red corpuscles) have been used in 
place of the vegetable cells. Their action under the play of 
osmotic forces is similar. In solutions more dilute than the 
blood fluid the cell bursts, thereby colouring the liquid red, 
whilst in more concentrated solutions water is extracted from 
the cell. This causes a ri.se in the specific gravity of the cell 
contents and the cell sinks, llie j)ain produced when a badly 
blistered hand is washed in water is another illustration of 
osmotic phenomenon—water diffuses through the animal mem¬ 
brane and the pressure within rises, with consequent pain to the 
sufferer. 

Quantitative Aspect of Osmotic Pressure. 

A largg number of experiments were carried out by Pfeffer 
wherein he measured the osmotic pressure of solutions of varying 
concentration and temperature, though it was van’t Hoff (1887) 
who first successfully correlated the laws governing osmotic 
pressure discussed below. His deductions were based partly 

DD 
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upon the observations of Pfeffer, and partly upon his owti 
experinionts. 

The Dependence of Osmotic Pressure upon the Con¬ 
centration.—The effect of concentration upon the osmotic 
pressure of a solution is clearly brought out in Table 41, which 
embodies some of the recent results of Morse and Frazer. 


TAULE 41 


ktlon of 

piT UUc. 

0 05 


♦ 

% 

Osmotic procure Id nhiuMphcra 
observed. 

J 25 

010 


% 

• 


244 

0-2() 

% 

• 

♦ 


4 80 

0.30 


• 


♦ 

7 23 

050 

• 

% 


• 

. 1208 


These results were obtained at approximately 20*. It is seen 
that the osmotic pressure is directly proportional to the con¬ 
centration, i.e. V=k.c, but the concentration of a solution is 
inversely j)ropoitional to the volume of that solution; hence 

k 

P= y or PV —k. Boyle’s Law for gases states that the product 

pv is a constant, so that w'e may say with van’t HofI that Boyle’s 
Law holds not only for gases but also for solutions, provided 
that, in the case of solutions, the pressure is understood to be 
the osmotic pressure. 


Effect of Temperature upon the Osmotic Pressure.— 
Charles’ Law, correlating the influence of temperature upon the 
pressure (or volume) of a gas may be expressed in the equation 
Tt—Po (1+aO {see p. 63), where p^, p^, denote pressures at the 
temperature and 0°, and a is the coellicient of expansion. The 
adjoined Table 42 shows the variation in the observed value of 
the osmotic pressure of a 1 per cent, sugar solution when the 
temperature is changed. 


TABLE 42 


Temi)orature, 

Observed prc&suro. 

CalculaU^d pressure. 

0“ 

0-G49 atmosphorea 


6-8 

0 CG4 

0 G65 

13-7 

0G91 

0081 

14 2 

0 071 

0-682 

15-5 

0 684 

0 686 

32 

0 716 

0-725 
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The values in the last column are calculated from the equation 
Pj=P^ (1-faO. where P,, P^ denote the osmotic pressures at t° 
andO® respectively and a is the usual coefficient of expansion. 
The agreement between the found and calculated values of the 
osmotic pressure U distinctly good, hence Charles’ Law may 
also be applied to solutions. The osmotic pressure of a solution 
is therefore proportional to the absolute temperature (see Charles’ 
Law, p. 63). 


The General Gas Equation applied to Solutions.—In 
Chapter V, dealing with the physical properties of gases, it has 
already been shown that a consideration of Boyle’s and Charles’ 
Laws leads to the conclusion that the effect of a combined change 
of temperature and pressure upon the volume of a gas is ex¬ 
pressed in the equation pi;=RT. It is now obvious that a 
similar method of deduction must lead to the conclusion tliat 
P\^- RT, where P denotes the osmotic pre.ssure of a solution of 
volume V, R and T having their usual significations. 

If a 1 percent, solution of sugar (1 gra. of sugar dissolved in 
09 gm. of water) is prepared, the resultunt volume at 0® is 99-7 c.c. 
The molecular weight of sugar is 342, hence the volume of such 
a solution which will exactly contain 342 gm. of sugar will be 
90-7x342 c.c.= 34-1 litres. The osmotic pressure of such a 
solution at 0® has been found to bo 0-649 atmospheres. If the 
question is now investigated as to what pre.ssure the gram 
molecular quantity of a gas will exert if it fills the volume 34-1 
litres at 0®, it follows from the gas equation, py=RT, that 



0-0821x273 
^ 34 -1 


=0-657 atmospheres. 


The osmotic pres¬ 


sure exerted by a dissolved substance is therefore identical 
in value with the gaseous pressure which that substance 
would exert, if the same weight of substance were In a 
state of vapour, under the same conditions of temperature 
and volume. To exemplify.—A given weight of ethyl 
alcohol, C,H,OH (M.W. = 46), when dissolved in water to form 
a solution of volume V, will exert an osmotic pressure P. 
Imagine now that the solvent molecules (water) are removed, 
and that the molecules of alcohol continue to fill the same 
volume as heretofore, the temperature remaining unaltered. 
Then the gaseous pressure which the alcohol will exert as a 
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vapour is oxactly (‘(pial to the osmotic pressure which it formerly 
exertcfl when (lissol\ed in tlie water. 

Osmotic Pressure as a Means of Determining Molecular 
Weight. -Havinjr estahli.shod that tlic jjas laws are applicable 
to the study of dilute solutions, van’t Hoff was led to the still 
more important conclusion tliat the great generalisation of 
Avogadro—that equal volumes of all gases under the same 
conditions of temperature and pressure contain tlie same number 
of molecules-was e(|ually true for dilute solutions, hence equal 
volumes of all solutions, which exert equal osmotic pres¬ 
sures and are at the same temperature, contain an equal 
number of dissolved molecules. 

Tlic importance of Avogadro's Law as applied to gases has 
already been stressed (p. 124). for upon it is erected the whole 
modern conception of molecular weights and their determination, 
lo reeajutulate, the molceular weight of the standard gas, 
oxygen, has been cliosen as 32, and the volume (22-4 litres), 
which exactly hold.s 32 gm. of oxygen at 0® and 7G0 mm. pres¬ 
sure. has been eho.seii as the gram molecular volume. In order 
to determino the gram molecular weight of another gas it is 
merely necessary to know the weight w occujiying the volume v 
at the temperature t and the pressure p, and wo are then in a 
position to calculate by proportion the weiglit W^ of the gas which 
will occupy the volume 22-4 litres at 0" and 760 mm. pressure. 

11 ns gives the gram molecular weight of the gas under con- 
siderntion. 


Rut since Avogadro's Law has been shown to bo rigidly 
applicable to dilute solutions, it follows as a necessary conse¬ 
quence that, if wo know the weight of a substance dissolved in 
a volume \ of a solvent at a temperature 1°, and if we measure 
the osmotic pressure V exerted by such a solution, the gram 
molecular weight of a substance dissolved in 22-4 litres and 
exerting an osmotic pressure of I atmospliere (760 mm.) at 0® 
can then bo calculated by the same method. 

Example.—An aqueous solution containing 2-0094 gm of 

bone acid per litre exerts at 10® an osmotic pressure of 0-724 

atmospheres. In order to determine the molecular weight from 

these results It is necessary to find what weight of boric acid. 

dissolved in 2--4 litres, will exert an osmotic pressure of 1 atmo¬ 
sphere at 0°. 

The volume of 1 litre at 


a pressure of 0-724 atmosphere and 
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at a temperature of 10 °, when reduced to standard conditions, 

273 

becomes 1 xO-724x^- =0-698 litre. Since 2-0094 gin. occupy 

0'698 litres, it follows that the gram molecular volume, 22-4 

litres, will be filled by 2-0094 x = 64 4 gm. The molecular 

0-698 

weight calculated from the formula H 3 BO 3 , is 62. 

There is, however, one liandicap with this method of obtaining 
the molecular weight of dissolved substances—the extreme 
difliculty of measuring the osmotic pressure accurately, so that 
the method would 
appear to be of theo¬ 
retical rather than of 
practical importance, 
were it not for the fact 
that there are other 
properties besides tin; 
osmotic pressure which 
arc proportional to the 
concentration or the 
number of dissolved 
molecules, e.g. the 
lowering of the vapour 
pressure, the ri.se of the 
boiling point, and the 
lowering of the freezing 
point. 

If a scries of baro¬ 
meter tubes is filled 
with mercury at some 
constant temperature, 
and into the second is 
introduced a drop of 
water, into the third 
a few drops of a 1 per 
cent, solution of sugar, 
into the fourth a few drops of a 2 per cent, solution of sugar, 
into a fifth a few drops of a 4 per cent, solution, and so 
on, it will bo found that the vapour pressures recorded in the 
various tubes (i.o. the ditfercnco in height between the mercury 
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levels in the standard tube and the various tubes containing 
tluid) arc not the same, but steadily diminish with the concen 
tration of the solution. Tliis is illustrated in Fig. 108. 

The vapour i)rcssuro of water exceeds that of the 1 per cent, 
sugar solution by .t cm. of mercury, the 2 per cent, solution by 
-X cm., the 4 per cent, solution by 4x, and .so on, that is, the 
lowering of the vapour pressure is proportional to the concen¬ 
tration of the dissolved substance. This fact has an important 
bearing upon boiling point and freezing point determinations 

Jf the vaiiour i>ressurc curves of a pure solvent (e.g. water) 

r" ^ P" graphed, 

i’lg. 109 IS obtained. Ulie horizontal line AJiCD represents tho 
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pressure of 1 atmosphere, and since the boiling point of a sub¬ 
stance IS the temperature at which tho vapour pressure is equal 
to the pressure of 1 atmosphere, tho points B, C. D will repre¬ 
sent tho boiling points of the pure solvent and of solutions I and 
II respectively. and BD denote the rise in the boiling point of 
the solutions. It has been found experimentally that this rise 
tn the boiltng jwint of the solution is proportional to the concen¬ 
tration, i.e. to the number of dissolved molecules. H such 
phenomena as supercooling are excluded, the vapour pressure 
curve of the pure solvent terminates at the point X. tho point 
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where the liquid-vapour curve is cut by the solid-vapour curve 
XJJR. It is obvious that the vapour curve of solution I will 
cut the solid-vapour curve XMR at a temperature below .V, that 
is, the freezing point of solution I is M, and J/iV denotes the 
lowering of the freezing point caused by dissolving 1 per cent, of 
sugar in the solution ; and in the same way RR denotes the 
lowering of the freezing point for solution II containing 2 per cent, 
of sugar. It has been experimentally shown that the lowering 
of the freezing point is proportional to the concentration, provideei 
the solutions are dilute. 

For both the lowering of the freezing point and the rise of the 
boiling point it follows that A =k.c when A is the lowering of 
the freezing point or the rise of the boiling point and c is the 
concentration. The concentration may bo defined as the ratio 
of the number of dissolved molecules n to the number of the 


molecules of the solvent N, so that A=i*. ; but 

where w is the weight of the solute (dissolved substance) and W 
its molecular weight, while where s is the weight of the 

lb 

solvent and S its molecular weight. 

Hence A=/r.-^3. In order to determine k a substance is 

s/S 

chosen, the molecular weight of which is known byan independent 
method, such as tho vapour density method. For a solvent such 
as water, alcohol would servo to enable the value of k to bo 
determined. In actual practice k denotes tho depression pro¬ 
duced by tho solution of 1 gm. molecular weight in 1000 gins, of 
solvent, and, as under these conditions S is a constant, it may 
bo included in k ; thus, 

wt. of solute 

~ ^ mol. wt. of solute xwt. of solvent 


A careful determination of tho change in tho freezing point or 
tho boiling point of a solvent, produced by the addition of a 
solute, is therefore sufficient to enable tho unknown molecular 
weight of tho solute to bo evaluated, provided that K has been 
fixed by an independent experiment with a standard substance. 
Fig. 110 illustrates the Beckmann typo of freezing point 
apparatus in general use. Tho apparatus itself consists of an 
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oiitor vessel C for hoklin*; tlie freezing mixture and an inner vessel 
.1 e.irrviufT a stirrer and a very delicate tliermometcr Z) of special 
desi^'ti. This imier vessel is protected from direct contact with 
the freezing mixture by an air jacket B. A weighed quantity of 
the solvent is introduced into the inner vessel and steadily 
stirred. The temperature slowly falls until the separation of 

the solid, i.e. freezing, sets in. Tho tem¬ 
perature then becomes constant. Some 
li(iuids, c.g. water, are liable to supercool. 
In sucl» cases it is usual to add an occa- 
.sional spicule of the solid, and if super¬ 
cooling has occurretl, the temperature will 
instantly rise as crystallisation takes place. 
When a series of concordant results for 
the freezing point has been obtained, 


9 


\D 
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a weighed pellet of the substance, the molecular weight of which 
is required, is introduced and the freezing point redetermined. 
For further details of manipulation the student must consult a 
textbook of practical physical chemistry. 

Several types of apparatus are in use for the determination of 
tho boUing point of solutions; probably that of Beckmann is still 
the most important (Fig. HI). 
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C is an asbestos box j)rovided with two chimnej-s which 
serve to convey the liot air from underneath tlu* box. The 
inner tube A Ls provided with a i)iece of lieavy platinum 
wire, and either platinum points or garnets to prevent super¬ 
heating of the lirpiid. The outcT jacket li is also filled with the 
solvent, and serves not only to prevent radiation losses but also 
to heat the inner vessel. The greater difiiculty of this inetliod 
as compared with the freezing point method lies in the tendency 
towards temper.aturc fluctuations arising from draughts, and 
direct heating of the inner vessel, as well as to barometric 
alterations during the course of the experiment. 

Molecular Weights of Dissolved Substances.—Tn general 
tlic moleculiir weights of dissolved substancc-s as determined by 
the above methods show a satusfactorj' agreement with the 
values obtainctl by other methods, e.g. the vapour density 
method. This is especially true for the majority of the carbon 
compounds, e.g. sugar, chloroform, aleoliol, acetic acid and so 
on, but conspicuous exceptions exist, where tlic molecular weights 
of the dissolved substances, as obtainwl either from measure¬ 
ments of the freezing point, of the boiling point or of the osmotic 
pressure, differ strikingly from the molecular wciglits which our 
knowledge of the composition of these substances has Ic'd \is to 
expect them to have. Nearly all inorganic acids, bases and 
salts give an abnormally high value for the boiling point, rise and 
an abnormally large depression for thofreeziitg point, and conse¬ 
quently an abnormally low value for the molecular weight as 
calculated from these values. Onc-tcntli of a gram molecule of 
ethyl alcohol (4*6 gm.) dissolved in a litre of water gives a depres¬ 
sion of 0•189^ whilst one-tenth of a gram molecule of sodium 
hydroxide (4 gm.) dissolved in the same volume of water, gives 
depression of 0-340®; the depression is therefore double 
what one would expect. This is true for all mono-acid bases 
like KOH, for all monobasic acids, e.g. HCl, and for salts formed 
by the interaction of such acids and bases. Kurtherraoro, it was 
found that dibasic acids and salts formed from them showed an 
even greater discrepancy in very dilute aqueous solution. In 
all these cases, however, the divergence between experiment and 
theory was less marked in stronger solutions. Many of the 
above substances which behave abnormally when dissolved in 
water give perfectly normal values if such solvents as benzene, 
chloroform, etc., are used. 
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Dissociation in Solution.-Attention lias already been 
ealN'd to the fact that the vapour density of nitropen tetroxide 
steadily diminishes uitli risinp temperature (p. 297). This has 
been traced to the dissociation or lueakinp down of the molecules 
of tlic tetroxide in accordance with the equation 


N.,0, — i2NOj. 

Other such cases of dissociation in gaseous systems are known, 

r(\^i'Ci3 + cu 

I.^=±2I 

and in all cases the view long lield is that the decreased density 
arises from the breaking down of the complex molecules into a 
gn'ater number of lighter and simpler molecules. 

In 1887 Arrhenius put forward the plausible hypothesis that 
the abnormal values of the molecular weight, etc., shown by 
acids, bases an<l salts, wlien dissolved in water, arose from the 
dissociation of tlic molecules of these substances into a greater 
number of simpler parts. An increase in the number of dis¬ 
solved molecules (whether undissociated or the result of disso¬ 
ciation) must cause an increased cfTcct upon the osmotic pressure, 
etc., and the results of experiment receive a sufiiciently satis¬ 
factory explanation. 

The qiK'.stion now arose as to how such a molecule as NaCl 
could bo broken down in aqueous solution. Arrhenius then 
observed tlmt it is precisely those substnnees which show abnor¬ 
mal behavio\ir when dissolved in water that form conducting 
solutions. Aqueous solutions formed from the great mass of 
substances which behave normally, e.g. the alcohols, sugar, 
organic acids and bases, do not form conducting solutions, 
while an aqueous solution of copper sulphate, hj'drochloric acid 
or sodium hydroxide is an excellent conductor of the electric 
current. Arrhenius was thus led to put forward the hypo¬ 
thesis that inorganic acids, bases and salts dissociated in 
aqueous solution into charged parts (ions), and the extent 
of this dissociation or ionisation increased with dilution. 

The mechanism of this dissociation is indicated in the following 
equations : 

NaCl ^Na+-hCl- 

H^SO, + ;^2H+ + S 04 “ 

AlCla ;=:± iU + + + -f 3C1' 
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Na^CO, ;=r± 2Na^ -fCO,' 

NaOlI 7^ NaM-OH- 

KNO3 7=^ K' + NOj- 

It will be noted that in all cases the sum of tlie positive charges 
exactly equals the sum of the negative charges. The metals, in 
all but certain exceptional cases, carry a positive charge, the 
number of such charges being equal to the vahuice of the element 
under consideration. The negative charge is carried by the 
acid ra<iicle or element. 

Nomenclature.—A solution which conducts the electric 
current and thereby sufTers decomposition is spoken of as aii 
electrolyte. The ions, which are the means by which the electric 
current finds its way through the solution arc of two kinds—tlio 
cations, which carry the positive charge or chargc.s, and during 
electrolysis drift towards the cathode or netjative pole, and the 
antontf,'which carry the negative charge or charges, and wliieli 
under similar conditions drift towards the anode or pa>ilive jfolc. 
The most common cations are the metals and hydrogen, the 
anions are the hydroxyl ion OH'", and the acid radicles or groups 
eg. SO 4 -, TO*-, CO,-. Cl". Br". etc. 

Objections to the Ionic Theory.—At first this theory met 
with considerable o])position, but the objections were soon dis¬ 
posed of. To the minds of many of the oKIcr school of chemists, 
the revolutionary idea that in an aqueous solution there 
should exist, side by side as it were, suhstanccs which {wssess 
such an extreme affinity for each other as do chlorine and sodium, 
was beyond belief, until it was clearly emphasised that the 
theory docs not postulate the existence in solution of free chlorine 
and free sodium, in short, the properties of the ions formed from 
chlorine and sodium, etc., diflcrcd entirely from the properties 
of the elements themselves. There was no justification whatso¬ 
ever for the view that atoms charged with electricity, i.e. ions, 
should possess the same properties as the free elements, ^pper, 
the metal, has a characteristic reddish appearance, whilst the 
cupric ion is blue. Chlorine, as a gas, is a yellow, poisonous gas, 
but when the atom of chlorine has associated with it negative 
electricity, the chlorine ion so formed is colourless, and solutions 
containing such ions are, in general, non-poisonoua. Whenever 
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solutions of chlorides are poisonous, o.g. mercuric chloride, the 
deleterious ]»roj>ertv is associated witli tlie cathion. 

Again, it was jxiititcd out in criticism of the ionic theory that 
the abnormal beliaviour of salts in aqueous solution could be 
well exiilained by the supiH>sltion of a far-reaching hydrolysis, 

that is decomposition into free acid and base under the agency 
of the water, e.g. 


NaCI 4 - HOH ^ NaOH + HCl. 

But although such an assumption would, if true, explain in a 
satisfactory way the abnormal freezing and boiling point values 
given by solutes such as the inorganic salts, the assumption 
breaks down entirely when applied to substances such as the 
inorganic acids and bases, which likewise behave abnormally 
so far as the osmotic phenomena are concerned. No such 
decomposition is possible for such bodies as HCl, HNO 3 , NaOH. 


Arguments in Favour of the Theory.—Perliaps no more 
striking evidence in favour of the ionic theory has been put 
forward than that afforded by the study of the heat of neutral¬ 
isation of acids by bases. ^Vhenever a gram equivalent of an 
acid is neutralised in dilute solution by the equivalent quantity 
of a base, the heat of reaction is the same, 13,700 cals. 

NaOH -f HClNaCI d-H^O + 13,700 cals. 

^HsSO* + NaOH -> JNa.SO^ + HjO + 13,700 cals. 

HNO 3 + ICa(OH),—> iCa(N 03 )j + H^O 4-13,700 eals. 

In our study of chemical phenomena (Chapter II) wo have seen 
tliat the outstanding criterion of a chemical reaction is that, 
when substances react with each other, a definite energy cliango 
occurs, a change which is shown in the evolution or absorption 
of heat, liglit, etc. This change of energy represents the difference 
between the energy of the reactants and of the resultants of the 

reaction, and for fixed quantities of the reacting substances, is 
a fixed, unalterable magnitude. 

The inference to bo drawn from a study of the above equations 
is that in all these apparently diverse reactions the same chemical 
reaction is in reality taking place. Consider the equiUbria present 
in the dilute solutions before mixing. 

NaOH Na+ 4 - OH*- 

HCl ^H + 4-Cl- 
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On mixing, we liavo 

Na^ + OH- + H + + Cl-—+Cl-+ H.O + 13.700 cals. 

the salt formetl remaining dissociated. On eliminating from 
each side the common terms, the equation reduces to the fol¬ 
lowing : 

+ HO-->H,0 +13,700 cals. 

And so, too, if nitric acid is neutralised by potassium hydroxide. 

H^ + NOr + K^ + OH-—>K+ + N 05 - + H,0 + 13,700 cals. 

H + +OH-->H,0 +13,700 cals. 

This constancy of the heat evolution when equivalent quantities 
of acid and base react, is therefore a necessary corollary of the 
ionic hypothesis. 

Another interesting case is the reaction in dilute solution 
between the reciprocal pairs KNO 3 , NaCl and NaNOj, KCl. 
No chemical or physical test enables one to distinguish between 
the solutions obtained by mixing the first pair of salts from the 
solution given by the second pair. Here, again, an adequate 
explanation of the experimental facts is afforded by the ionic 
hypothesis. In dilute solution we have 

KN 03 --?-K+ + NOr 
NaCl~?-Na+ + Cl- 

suinining, KN 03 + NaCl—>-K^ + NOj +Na'*' + Cl , 

and BO also NaNOj—>-Na''' + NOa” 

KCI -J.K + +CI- 

summing, NaNOj + KC1—+ NO 3 - + Cl + K*. 

Whether we mix dilute solutions of potassium nitrate and sodium 
chloride, or of potassium chloride and sodium nitrate, it is 
evident that in both cases we shall obtain a solution containing 
salts completely dissociated, i.o. the final solution will contain 
the ions Na+, K+, Cl". NO,", and will be in every way indis¬ 
tinguishable. 

The observation has also been made that the permanganates 
all give the same coloured solutions. When the absorption 
spectra {see p. 400) of the solutions of the permanganates, e.g. 
ICSInO*. NaMn 04 NH 4 Mn 04 , are compared, they are found to be 
identical. This is not to be expected from the assumption that 
the molecules of the permanganates persist in solution, but is to 
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bo expected on tlie hypothesis tliat in aqueous solution all 
permanganates dissociate into the purplish coloured perman¬ 
ganate ion, which exerts its own specific etTect on the absorption 
spectrum, wliilst the colourless cathion exerts no such action. 


QI’KSTIONS 

1 . gaseous pressure would he exerted by methyl alcohol vapour 
of the same molecular concentration aa a 2 per cent, solution of this 
substance in a non-volntilo solvent at 50° ? 

2. Show how tlio laws which govern the bohavio\ir of gases under vary¬ 
ing conditions of temperature and pressure also apply to certain solutions. 

11. If 1 grn. of a substance, dissolved in 100 c.c. of water, gives 0d° 
depression of the freezing point, what is the molecular weight of the 
siihstanco ? (tlie molec\ilar lowering of the freezing point for water = 1 -86°). 

4. 3 gm. of a suhstanco dissolved in GO gm. of water gave a rise in the 
osmotic proRsuro of 9 atmospheres at 22’. Find the molecular weiglit 
of the Huhstance. 

5. What depression of the freezing point of water would be produced 
by dissolving 5 gm. of sut-ar (ColIj^Oe) in 150 gm. of water f 

0. 0 394 gm. of a suh.stanco was dissolved in 18 05 gin. of benzene, 
flierohy producing a depression of the freezing point of the value 0-348“, 
I'inil the molecular weight of the substance. The molecular lowering 
for benzene is 5. 

7. 2 01 gm. of a aubstaneo are di.violved in 50 grn. of other. The rise 
in tlio boiling point is 0-798. FimI tlio molecular weight of the solute, 
the molecular rise of the boiling point for ether being 30-3. 

8 . The depression of the freezing point for sodium chloride in water 

is much greater than that given by an equivalent quantity of sugar, i.e. 
by a sugar solution of the same concentration. How do vou account for 
this ? ^ 

9. Give a succinct account of Arrhenius’ tlu'ory of dissociation. 
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CHAPTER XXVIII 


CONDUCTIVITY AND ITS BEARING UPON THE 

IONIC THEORY 

The Electrolysis of Salt Solutions—Before consklering 
tliia subject from its quantitative aspect, let us investigate tlie 
cliomical changes |)ro(luced when solutions containing various 

solutes are subjected to electrolysis. 

If two platinum platt^ arc connected through an ammeter to 
the terminals of a battery, and then dippe<l into a solution of 
sugar, there is no measurable deflection of tlie ammeter netMllo , 
in short, a solution of sugar docs not conduct the electric current. 
A similar result is obtained if pure water is placed in the beaker 
in place of the sugar solution ; no current is able to find its way 
through the water, i.c. the water is a non-conductor, or non- 
electrolyto. If the electrodes are dipped into concentrated 
sulphuric acid, there is a small but delinite deflection, indicating 
the passage of a weak current through the circuit. If, how- 
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ever, the sulphuric acid is poured into the water and the 
contents thorouglily mixed, the ainnioler indicates the passage 
of a strong current tlirough the solution, and a brisk evolution 
of gas takes place at the electrodes (Fig. 112 ). An examination of 
these gases reveals that they are hydrogen and oxygen, the former 
being liberated at the catliode, the latter at the anode. The 
non-conductivity of concentrated sulphuric acid and of water 
and the ease with which the electric current can find its way 
through a solution of dilute suljihuric acid leads us to conclude 
that, whilst the concentrated acid is almost free of ions, the 
dilute acid is rich in the.se carriei's of electricity. In other words, 
when the sulphuric acitl is dissolved in water, dissociation occurs 
in accordance witli the equation 

H^SO, ^2H + + SOr. 

Tlie jio.sitively charged liydrogen ion drifts off towards the 
cathode (negative jinle), there to give up its charge and to 
l*eeomc elementary hydrogen, whilst the sulphate ion carries its 
negative charge to the anode (positive pole). At the cathode 
the hydrogen atoms imiiKHliately pass into the molecular state, 
and escape. At the anode the 804“ ions have their charge 
neutralised, hut, whilst theS04” ion in the presence of water is 

perfectly stable, so soon as its charge is neutralised, reaction 
takes place thus, 

2S04-b2H,0->2H,S04 + 0,. 

Suliihuric acid, therefore, accumulates round the anode—a fact 
readily capable of proof, and the oxygen escapes in the mole¬ 
cular form. Tho results given by a solution of sulphuric acid 
indicate the presence of hydrogen and sulphate ions. 

During the electrolysis of a solution of copper nitrate, CuiNOg), 
between iilatinum plates, a red deposit of copper separates on 
the cathode, at the anode the solution becomes increasingly acid 
and oxygen escapes. Copper ions, therefore, migrate towards 
the oppositely charged cathode, and when their charge is neu¬ 
tralised, the metallic copper appears as a red film on the cathode. 
On the other hand, the negatively charged nitrate ions drift off 

towards the anode, and after becoming electrically neutral, the 
reaction 

4NO3 + 2H3O 4HNO3 + O3 

occurs. This is evidence in favour of tho presence of cupric and 
nitrate ions in an aqueous solution of copper nitrate. 
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An interesting point in sucii an electrolysis is that the minutevSt 
current is able to find its way through an aqueous solution of a 
dissolved acid, base or salt. If the current were necessary to 
effect the actual decomposition of the dissolvtxl salt, as was once 
maintained by Grotthus, it would be expected that each solute 
would require a definite electromotive force before decomposi¬ 
tion sets in, i.o. the current would be unable to find its way 
through the solution until the E.M.F. of the battery was suffi¬ 
ciently high to dccomiKjse the dissolved salt. [The quantities 
E M F . current, and resistance (the reciprocal of the conducti- 

. . ^ E.M.F. 

vity) are connected by Ohm’s Law by the o<|nation C — - , 

for further details concerning this equation the student must 

consult a text-book of Physics.] 

If a solution of sodium nitrate, coloured by a little litmus, is 
electrolysed, it is found that the solution round the cathode 
becomes alkaline, and round the anode acid. Moreover, hydro¬ 
gen and oxygen escape at these poles rcsi>ectively. In this 
case, secondary reactions at the electrodes take place. As soon 
as the sodium ion passes into atomic sodium, reaction with the 
solvent takes place, and hydrogen is liberated with the formation 
of sodium hydroxide. At the anode the reaction 

4NO, + 2H ,0 4HNO, + O, 

Ica<ls to the accumulation of nitric acid round the pole and the 
evolution of o.xygen. 

The phenomenon of electrolysis Is therefore assoeiate<l with 
far-reaching decomposition of the dis.solved matter. In general, 
one may say that the electrolysis of a solution of a dis.solvixl salt 
causes the migration of the metal ion towards the cathode, and 
the migration of the acid group towards the anode. Whether 
tlio metal will be deposited at the cathode deiHUids upon the 
chemical nature of the mcUl, i.c. upon its tendency to react with 
the water after it has possetl from the ionic to tlie atomic state. 
Acids appear always to liberate hydrogen from the cathode 
during the electrolysis ; the acid group may bo liberated and 
escapq as such (see elcctrolj’sis of hydrochloric acid), or there 
may be a secondary reaction at the anode leading to the escape 
of oxygen, and the re formation of the acid as in the case of 
nitric and sulphuric acids. It remains now to consider the 
quantitative aspect of electrolysis. 

B B 
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Quantitative Aspect of Electrolysis.—The conductivity of 
a solution is dependent upon throe factors : 

1. Tlu' charge or load carried by each ion. 

2. 'I'he rate at which tliese ions move througli the solution. 

3. d'iie tuunber of sueli ions present in the solution. 

It is proposed to consider these factors separately. 

The Chauge carried by the Ions—Faraday’s Laws 

The first investigation concerning the quantitative aspect of 
electrolytic decomposition was undertaken by Faraday (1834). 
He showed witli extreme exactness that the amount of any one 
substance liberated at an electrode is strictly propor¬ 
tional to the quantity of electricity which has passed through 
the cell. This is Faraday’s first law, governing electrolytic 
decomposition. Tlio amount of copper or of silver deposited on 
a platinum cathode must therefore bo a direct measure of 
the quantity of electricity which has passed through the circuit, 
hence tlie use of tlie silver and copper voltameters as measures 
of current. The actual amount of decomposition effected by the 
])assage of a given quantity of electricity—disturbing secondary 
reactions excepted—is thus independent of the temperature and 
concentration of the solution, as well as of the current density 
(current per sq. cm.). Nothing else matters but the quantity 
of electricity which has passed through the circuit. 

But if the same current is allowed to flow through a 
series of solutions arranged as in Fig. 113 it will bo found 
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that the amount of decomposition in each cell is strictly 
proportional to the chemical equivalent of the element, that 
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is, the current wliich would liberate 1 008 pm. of hydrogen 
eitlicr from suli>Iiuric or hydrochloric acid, would also effect the 
liberation of 23 gm. of sodium, 56/2=28 gm. of iron in a 
solution of ferrous sulphate, 56/3 = 18-6 gm. of iron in a 
solution of ferric chloride, G3 0/2=31-S gm. of copper, 107-9 
gm. of silver, 27-l/3=9 03 gm. of aluminium. 

Chemically equivalent quantities of the Elements are 
liberated by the passage of the same quantity of electricity. 

This second law of Faraday incidentally affords an excellent 
method of determining the chemical equivalent of an element, 
or what may bo called its elcctro-cliemical equivalent. 

The Charge carried by an Ion.—Faraday measunxl with 
great care the qiiantity of electricity rcquire<l to liberate 1 
gm. equivalent of hydrogen and other elements. For all 
monovalent elements ho found that 96,540 coulombs * wore 
necessary to effect the liberation of 1 gm. equivalent of a mono¬ 
valent element, from which fact the conclusion may bo drawn 
tliat every monovalent gram ion has associatctl with it 96,540 
coulombs. Furthermore, for the liberation of 1 gm. cqui- 

03 0 

valent of a divalent element (e.g. copper -^-=31-8 gm.) the 

same amount of electricity is also necessary, so that the setting 
free of a gram ion of sucli an element as copper requirtjs 96,540 X 2 
coulombs, a trivalent element like aluminium needs 96,540x3 
coulombs and so on. Tliis “ parcel of electricity ", 96,540 
coulombs, wliich is transi>ortcd by each gram ion of a mono¬ 
valent clement is often known as a Faraday and is ofUm 
denoted by © or ©. The intimate connection between the 
valence of an element and the number of Faradays associated 
with the gram ion of that element is brought out in the follow- 
ing equations : 

• A coulomb, tho unit quontity of oloctricity, will deposit 1/90540 gm. 
of hydrogen, 31-8/90540 gm. of copper. When one coulomb pt^ea 
through tho circuit per second, tho current is said to have a strength of 

one ampdro. A current of 10 arnpOros will therefore liberate —— xlO 

gm. of hydrogen per second. Often tho term CurrtiU Damty is used. 
Tliis denotes tho numUir of ampdrea per sq. cm. passing through tlio 

circuit. 
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NaCl ^Na+-f-Cl“ 

CihSO,::=±Cu+ + -f-SO*- 
l'f< '13 ^=± Ke + + ^ 4- 3C1 - 
Slid, ^zz± +'■^-h4Cl- 

H3rO, ;:=± H ^ + HJ'O,- ^ 211" + HPO,“ ^ 3H ^ +PO = 

IKS(),-:i^1I + + HSO,- ^2H + + S0, " 


Migration of the Ions.—The second factor to be taken into 
consideration in estimating the conductivity of a solution is the 
speed with wiiich tlie ions move. Tiio actual migration of 
coloured ions can be made evident in the following experiments. 
A moderately dilute solution of such a salt as copper sulphate, 
cobalt nitrate, potassium chromate, etc., is preparetl, containing 

also a few per cent, of agar- 
agar. This is introduced into 
a U-tube (Fig 114). 

After the jelly has set, the 
position of the coloured boun¬ 
dary is marked in each limb 
and a dilute solution of a suit¬ 
able colourless salt—in this 
case potassium sulphate—then 
introduced. The jelly forms a 
sponge-like network through 
which ions may travel with¬ 
out hindrance, but diffusion 
currents are prevented. It is 
advisable to keep the vessel 
cool during the electrolysis, 
Fio. 114. otherwise the heat generated 

. melt the agar-agar. Plati- 

each limb and a current of about 
40-80 m.Uiampa. passed through the cell. In the electrolysis of 
a solution of copper sulphate the blue boundary is seen to move 
towards the cathode in one Umb. and away from the anode in 
the other Consequently there is migration of the cupric ions 

towards the cathode, thereby establishing the fact that these 
ions carry a positive charge. 

If potassium permanganate were used in the agar-agar solu- 
tion, the purple boundary would be found to move towards the 
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anode, proving clearly that in this case the coloured ion is 
associated with a negative charge. 

Accurate measurements of the velocity of migration of these 
ions have been ma<le by mo<lifying the above apparatus. Fig. 
115 shows an apparatus suitable for a quantitative measurement 
of the S2)ced of migration. 



It is by such means that the actual velocities of migration of the 
ions have been measured. Clearly, since the impelling force is 
the attraction between the charge<l ions and the oppositely 
charged electrodes, the velocity of migration must depend upon 
the potential gradient between the electrodes. For unit {)oton- 
tial difference,* 1 volt per cm., the absolute velocities of some of 
the ions, expressed in cins. per hour, are 

Na^ Cu** H+ OH- Cl- NO," 

205 1-20 IG 10-8 5G 212 1-21. 

Tlio velocity of migration of the hydrogen ion far exceeds that 

of the other elements; next in order comes the hydroxyl ion. 

Probably the most important factor in determining the speed 
with which an ion moves is its size—the bigger the ion, tho 
greater tho frictional resistonco it will encounter in its journey 
towards tho electrodes. Solutions containing tho more rapidly 
moving ions, ceteris paribus, will clearly show tho greater 
conductivity. 

The Number of Ions.—^The third factor controlling the 
conductivity of a solution is tho number of ions present per c.o. 

• A volt IB tlio unit of potontiol difforonco or oloclroinotivo force. 
^Vhen a current of 1 coulomb por Bocond poasos through n rosiatauco of 
1 ohm, tho potential difforonco botwoon tho onds of tho roaiatanco is 1 volt. 
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It renmins now to sec how one may obtain a measure of the 
nunihcT of such ions present. 

Suppose a vessel be constructed, one j)air of opposite sides being 
made of a metal suitable for an electrode. These are connected 
through a galvanometer to tlie terminals of a cell (Fig. 116). 

If i)urc water is poured into tins electrolytic cell, the galvano¬ 
meter shows no sign of a current; if the pure water is rej)laced 
by a dilute solution of sulphuric acid, a strong current will pass 
tlirough the cell, indicating that the resistance of tlie electrolytic 
cell has decreased, i.c. the conductivity has increased. If more 

water is added to the cell, 
the current continues to 
increase; the greater the 
dilution, the greater the 
conducting power of the 
solution. ‘J'hc conductivity 
continues to increase until a 
certain maximum value has 
been attained, and after 
this, no further dilution has 
any effect upon the con¬ 
ductivity. It is clear that 
throngliout the series of e.x- 
periincnts the actual amount 
of sulphuric acid present 

, „„ between the electrodes has 

not altoml aiie explanation of tl.o increased conductivity 

.nnst, IlK-reforo, be sought either in the presence of an increased 
nninluT of earners or ions m the dilute solution or in the increased 
ve ooi y of migration (sec p. 42!)). In the terms of the ionic 
li>pothesis the dissociation expressed in the equation 

H,SO, ^ H ^ + HSO*- ^ 2H+ +SO,- 

has been driven to the right with increasing dilution, i.e. tho 

miinher of conducting ions steadily increases with dilution up 
to a maximum. • ^ 

In tho solution of maximum conductivity dissociation is 
complete ; further dilution can create no more ions, and there 
can bo no further increase in the conductivity. Theoretically, 
di^oeiation will be complete at infinite dilution, but practicaUy 
tho dissociation for many acids, bases and salts is complete at 
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N/1000, that is, in a solution which contains 1 g?n. equivalent 
of the salt dissolved in 1,000 litres. A gram equivalent of .sodium 
chloride weighs 23-i-3j o=58-5 gm., for the acid (base) from which 
this salt is formed is monobasic (mono-acidic), but in the case of an 
acid, base or .salt containing ion.s of more than one valence, due 
allowance must be made. Hence an equivalent solution of 


2q-32-f()4 

sulphuric acid, designated N, contains--——=49 gm. per 


. , , , ^ 030-1-32 + 64 159 0 ... 

litre, of copper sulphate---=—_ = <9'8 gm. per htre. 


From a consideration of the results of e.^periments such as the 
above, Arrhenius put forward the conclusion that the degree 
of dissociation at any particular dilution is equal to the 
conductivity of that solution, divided by the conductivity 


at infinite dilution, i.o. a = — where a denotes the fraction 

dis.sociated, the conductivity at any arbitrary dilution t; 
which contains 1 gm. equivalent of the salt (the so-calknl equi¬ 
valent conductivity), the conductivity at infinite dilution. 

In onlcr to obtain the conductivity at infinite dilution 
for subshinccs which dis.sociate readily, c.g. KCl, HNO,, H,SO^, 
etc., it is only nccc.ssary to determine the conductivity over a 
range of dilutions and then by c.\trapolation the value of 
may lie read off the graph. But there c.vist a largo number of 
substances, such as acetic acid, ammonium liydroxide and so on, 
which do not form good conducting solutions, i.o. they do not 
dissociate freely, and even in the most dilute solutions with 
which we can work, their dissociation is so far removed from 
completion that such an extrapolation is impossible. In such 
cases another method is resorted to. The difTcrenco between 
ft for hydrochloric acid and sodium choridc must arise from the 
difference in the speed of migration of the hydrogen and the 
sodium ions, for these salts dissociate completely at moderately 
dilute concentrations. If one now determines the conductivity 
at infinite dilution of sodium acetate—a substance which dis¬ 
sociates freely—it is only necessary to add to /i ^ for sodium 
acetate the difference already found between ^ for hydrochloric 
acid and sodium chloride in onlcr to obtain for the hyi». 
thclically completely dissociated acetic acid. The conductivity 
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at inf.nito „f all salts, acids and l.ascs nidcii are but 

Moakh (lissooiateil, has hvcn (h'torniincd hv this means 

It hs nderesting to note that tlie degree of dissociation derived 
rom the equation, a =, except for certain substances 
d .senssed lat<T. aprees closely u ith the dissociation calculated from 

point "etc '■' ■'r''* ‘""'"'"’K 

p I t, etc I Ins apreement forms one of the stronpest quanti 

t<i(i\e suj)j>oi'ts of the ionic theory. 

Ostwald's Dilution Law.-It was 0.stivald who first applied 
the Law of Mass Action to the equilibria existing in aqiLus 
solutions. I,et 1 gm. molecule of acetic acid be dissolved^! the 
ohiine V litres of water, and let a denote the fraction ionised 
]jie^concentration of the undissociated acid will therefore bo 

V ‘I'C concentration of the ions. 


JiAoct. — 


1 


a 


H 4" Ace 

« a 


V 




V V 

Applying the Law of Mass Action to this equilibrium, we get 

)(Acct.”) 

(HAcot.) 

whence _ _i. 

(1 (i )t^ 

a, we have learnt, may be most readily measured by deterrainin<T 
be ratio The following table for acetic acid gives the 

"aS’of' r -0 

\alu(.3 of K, calculated from and each value of //„. 


TABLE 43 
Acetic Acid at 25 * 


t 



(1— 

8 

1ft 

32 

(54 

2r)0 

1024 

4-34 

0-10 

8 Cm 

12 09 

23 82 
46-00 

304 

1193 

1 -673 

2 380 
3-33 
ft 50 

1260 

0-00000180 

0-00000179 

000000182 
000000179 
000000180 

000000177 
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The constant is a satisfactory one. Many hundred such 

V • 

dissociation constants have been determined, and the appli¬ 
cability of the Law of Mass Action to such ecpiilibria brilliantly 
established. 


The Dissociation of the Common Acids, Bases and Salts. 
—A determination of the conductivity of an electrolyte at a 
particulardiiiition i', cou[)led with the knowK'dge of , obtained 
by either of the method.s outlined on p. 423, enables one to 
calculate a, the degree of dissociation of the substance at the 


chosen dilution v where a=^—. In practice it has become the 

custom to w’ork either with the gram ccjuivalent or the gram 
molecular weight, or with definite fractions of these quantitio.s. 
As an example, it may be stated that the equivalent conductivity 
of ammonium hydroxide at i*=32 is 0-28, whilst the conductivity 

at infinite dilution is 237, hence a=^-^=-02G, i.c. an ^ solution 

237 32 

of ammonium hydroxide is 2 0 per cent, dissociated at 25®. 


f OH- 

97-4% 2-G% 2-0%. 


Owing to the effect of teinperaturc in lowering the viscosity 
of water, the conductivity of an electrolyte generally increase's 
with rise in temperature, although it must not be overlooked 
that there may also be a change in tlie number of eomlucting 
ions. As a nile, however, a rise of t<'mperature has compara¬ 
tively little effect upon the degree of dis.sociation of an electro¬ 
lyte, the incren.se in the conductivity being almost entirely due 
to the increa.scd speed of the ions. 

The fractional dissociation of the more commonly occurring 
acids, bases and salts is given in the table on page 420. 

A general survey of this table reveals the fact that the mineral 
acids are strongly dissociated, but the degree of dissociation falls 
off as the basicity of the acid increases ; i.e. the di.ssociation of 
phosphoric acid is less than that of sulphuric acid, .sulphuric less 
than nitric and so on. The siime rule applies to the dissociation 
of the salts. As a rule, salts of two monovalent ions, like 
NaCI, are, under comparable conditions of concentration, ns 
strongly dissociated as hydrochloric acid and nitric acid. 
Salts of mono- and di-valent ions, such os CuClt, K^SOt, show 



426 


AN INOPxGANTC CHEmSTRY 


TABLE 44 


Acids. 

1 

1 

Nitric . , , 

1 N 

' 18'' 

Byi'of'liloric 

N 

IS' 

Siil[i|iurii‘ 

N 

Is 

Stilpliuric cone. . 


is 

Hviiriodic . . 

X 2 

2.0' 

C’hloric . 

1 

2.'.' 

Phosphtfrie . 

X 2 

2.-.’ 

Pcrmain'iinic 

’ X 2 

2.->’ 

Carbtimc . 

X lu 

18’ 

Hydroycn sul- 


1 

phitlo . 

;X 10 

18' 

Act'tic . , . 1 

1 X 

IS' 

Oxalic . , 

'x 10 

25^ 

Bases, 



Pota.<i.sium liy- 



<lr<)xi(lo 

N 

18’ 

xSodiutn liyditiNitlo 

N 

18’ 

Liliiium liydrox- 



ido 

N 

18= 

Calcium hydrox¬ 



ide 

1 

N/GI 

2rj’ 

?as di.‘?sociation 

than do 


/'r 


i» 'MU 
0 SKI) 

0 170 

0 oao 
00017 

00007 
0004 ' 
0-500 


0-77 
0 73 

0G3 

0-90 


Bases (cf’n/rf.). 
Aininonitun hy- 
(Iroxido 

Aiiirnoniurn hy¬ 
droxide 

Barium hydroxidt 
Salts. 

Sodium chloride 
Ammonium chlor- 
><lo . . . 

Potiiosium nitrate 
Silver nitrate 
Copper sulphate 
Zitic sulphate 
Potassium buI- 
phate . 

So<lium sulphate 
Morcjiric chloride, 
saturated 

Mercuric cyanide 







N 

18’ 

0004 

X'lO 

18’ 

0014 

• N/G4 

25’ 

0-92 

N 

18’ 

0-74 

N 

1 

18’ 

0-75 

N 

18’ 

0G4 

N 

18’ 

()-58 

N 

1 

18’ 

0-22 

N 

18’ 

0 24 

1 

N 

1 

18’ 

0-53 

N 

i 18’ 

1 

0-45 



very 

small 

N/10, 18^ 

very 

1 

1 

fimuJI 


salts of two divalent ions (GnSO,) are still loss dissooiaU'd. 

Witli the exception of tlie eliloride and cyanide of incrciirv— 
salts winch do ohey the dilution law—and to a less extent the 
hahdes of eadmimn, the salts are ail strongly dissociated. The 
organic acids, as a class, are weakly dissociated, as is the ba.se 
ammonium hydroxide. Finally, the dissociation of carbonic 
acid and of hydrogen sulphide deserves notice. Both these 
acids arc- extremely weakly dissociated, a fact which has an 

important bearing upon the use of hydrogen sulphide as a 
reagent in chemical analysis. 


Abnormal Osmotic Phenomena and Conductivity.— 

It has already been emphasised that it is just tliose substances 

which give an abnormally high osmotic pressure, etc., that form 

eonduetuig solutions. There is a close quantitative connection 
between these phenomena. 

If 1 gm. mole of a substance containing N molecules is dis¬ 
solved, and the fraction a is ionised, each molecule giving rise 
to m ions, there will be active particles in solu¬ 

tion, all of them exertmg a definite osmotic pressure. If i 
denotes the ratio of the molar concentration given by the osmotic 
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method to that calculaU'd by the cheinical formula, it follows 

^ • N[7na-}-(l —a)l , »—1 t* • r 

that »=— -whence a = -. It is therelore 

N —I 

possible to calculate i from a knowledge of the degrx^e of dis¬ 
sociation of the different salts ns given by conductivity data, 
and i may also be determined from the relation 

, abnormal lowering of fr. pt. etc., h)r a particular salt 
normal lowering of fr. pt. given by non-electrolyte, 

the solutions being of the .same molecular concentration both 
for the conductivity and the freezing point measurements. In 
the following table such a comimri.son is made. The agreement 
shown in the last three columns affords strong support to the 
ionic theory. For salts like NaCI t lies between the limits 1 
and 2, whilst for salts like KjSO* it lies between 1 and 3. 

T.AHbF: 4.") 

VhIuo-s of I. 


SaU«. 

Molrctilar 

curuvnlra* 

tiun. 

OmtoUr 

rri-tsMire. 

i 

Frf<*r.lng 

i 

Conti urtivjty. 

1 

Pota>isitim rlilorido • 

0 14 

I 81 

1 SC 

1 8G 

Caleiiint iiilruto • 

0 18 

2-48 

2-47 

2 4ti 

Lithium rhioriflo . 

0 i:{ 

l'.)2 

; Mil 

1-84 

MagruMiurn Hulpliuto • 

03K 

1 

1 1-20 

1 

i;}5 


Abnormal Behaviour op Strong Electrolytes 
Although the Dilution I>aw of Ostwald is obeyed with great 
exactnes.s by a large number of compounds, many outstanding 
exceptions occur. Inorganic sails, strongly dissociated adds and 
bases do not obey this late, and the cause of this has long been a 
bone of contention among cliemists. Recent w'ork has sliown 


that the cause of this discrepancy lies in the fact that 

not a true measure of dissociation for such electrolytes. Actually 


the dis.soeiation of these compounds is complete or nearly so, 
though deductions based purely upon conductivity measuremenU 
lead to values for the dissociation of N/10 solutions of apjjroxi- 


, mately 75 per cent. Apparently in solutions of strong electrolytes 
a disturbing influence is created through the formation of an 
** ionic atmosphere ’* round each ion, i.o. owing to the attraction 
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which positive niid negative ions exert on eaeli other, each 
positive ion will have in its neijrhbourhood an excess of negative 
ions and vice versa. These ionic atmospheres restrict the normal 
migration of tlie ions, and henet* the measured eondnetivitv leads 
to a value for a less than actually exists. Investigations with 
certain types of rays upon crystals such as of potassium chloride 
have established that the crystal is built up not of undissoeiatod 
molecules but of charged ions—positive and negative—arranged 
in an orderly fashion. In short, ionisation within the ervstal is 
eomi)lete before solution takes place. When such a crystal is 
dissolved or fused, the.se ions begin to migrate at the moment 
when a current is passed through the liquid. Continued dilution 
docs not affect the ionisation, but merely reduces to a minimum 
the efTect of the ionic atmospheres which play such an important 
role in restricting the conductivity (and therefore the apparent 
dissociation) of strong electrolytes. 

Rec.m’itil.vtion 

The study of aqueous solutions has established tlic following 
facts: ^ 

1. The osmotic ]>ressun' of solutions is proportional to the 
eoncentration of the dis.solved substance (Boyle's Law). 

2. 1 he osmotic jiressure of a solution is projiortional to the 
absolute temperature (Charles’ Law). 

.1. Und(‘r ('(pial coiulitions of temperature solutions containing 
Ihe same number of dis.solved molecules jier litre exert equal 
osmotic pressures (Avogadro's Law). 

Deductions from these facts.^^^^^t as Avogadro's Law, applied 
to gases, enables us to compare the molecular weights of gases, 
so also docs the applicability of this law to dilute solutions 
enable us to determine the molecular weight of dissolved sub¬ 
stances ; but, owing to the difficulty of measuring the osmotic 
pressure, this method is of little practical importance. However, 
other properties such ns the lowering of the vapour pressure and 
of the freezing point, the rise of the boiling point, are likewise 
proportional to the concentration of the dissolved substance, and 
hence methods for the determination of the molecular weight of 
dissolved substances have been worked out, based upon the 
lowering of the freezing point, etc. 

Further facts.-A. Many solutes, notably inorganic acids, bases 
and salts, give abnormally high results for the osmotic pressure 
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and other allied phenomena, leading to the conehision that these 
salts possess in aqueous solution a molecular weight which is 
smaller than what one would expect them to have from a con¬ 
sideration of the composition and atomic weiglUs of tlic elements 
concerned. 

5. These abnormal solutions arc, all of them, capable of con¬ 
ducting the electric current, whilst substances like sugar, which 
possess a normal molecular weight in solution, do not form 
comliicting solutions. 

To explain these facts Arrhenius put forward the hyiMJtliesis 
that tlie molecules of such abnormal solutes are dissociated into 
ions—electrically charged particles—an equal number of positive 
and negative ions being formed. These ions act as carriers of 
the electric current, and it is assumed that when the electric 
charge upon the ions is neutralist^d at the electrode, the dis¬ 
charged ion assumes again all the proj)erties of the element from 
which it is derived. 

As a result of further investigation ujwn the conductivity of 
aqueous solutions, quantitative values have been derived for 
the charge carried by the ions, for the .s|>eed at which they move 
through the solution under a given potential gradient, and ior 
the number of such ions present in solution. The easiest method 
of measuring the extent to which the dissociation of the dissolved 
substance has progressed, is by the determination of the ratio 
conductivity at the dilution v. 

conductivity at infinite dilution 

In this way it has become j)ossiblc to compare with ease the 
amount of dissociation in different solutions of the wiino solute 
and of different solutes. Perhaps the most imj>ortant result of 
such work from the purely ehcniieul point of view is the dis¬ 
covery that the dissociation of solutes increases with dilution. 

Qcestions 

1. What ovidcnco has »>oon adducwl in favour of tho view that ionic 
migration takes place during tho electrolysis of an aqucnius solution ol 

on cloctrolyto 7 .. v i 

2. Dodu<» Ostwold’s Dilution Law. To what class of subsUnco lioos 

this law apply 7 , ... .. 

3. What information does ionic migration throw upon tho constitution 

of potassium pormoiiganato 7 ...... .i • 

4. Comparo tho ionisation of o half normal solution of hydrochloric 
acid, Hulphuric acid, sodium sulphate, aluminium chloride* 

6* By what moans may tho dissociation of a dissolved salt be meosuriKl 7 

6. Discuim wliat happens during the electrolysis of copper sulphate 
botweeu (a) copper electrodes, (fr) platinum olootrodes. 



CHAPTER XXIX 


applications of the ionic theory to 

CHEMICAL REACTIONS 


Properties of the Ions.—Clicmists have long been aware 

hat in tiiliito solutions all soluble chromates possess a bright 

yellow colour, all the iierinanganates a purplish tint, all the 

salts of copper, derived from an acid which is itself colourless, 

give a characteristic blue-green solution ; similarly, salts of 

nickel are green, of cobalt pink and so on. A consideration of 
t he equilibriu m 

CuCls;=:±Cu+ + -l-2a- 


briiigs to our notice that wc have in solution undissociated 

molecules of copper chloride in equilibrium with cupric and 

chlorine ions, and experiment has shown that in dilute solution 

this equilibrium is swung to the right, i.e, the dissociation 

IS far-reaching. Other such salts of copper show a similar 
behaviour; 


CuS0,^Cu + + -}.S04- 
Cu(N03)3 ^ Cu + .ld: 2N0 t 

There is no ^ound for the assumption th^ the undissociated 
molecules are blue ; indeed, anhydrous copper sulphate islHiite, 
but the assertion that the cupric ion, whether it arises from the 
dissociation of the chloride, sulphate or nitrate, is always blue 
appeara well founded. Almost incontrovertible evidence in sup¬ 
port of this IS given by the results of migration experiments with 

solutions of copper salts. The blue boundary is found to move 
m dilute solution at practically the same rate, whatever the 
copper salt present. That the cupric ion generated by all 
copper salts should do so is to be expected, that the tridely 
differing molecules of copper sulphate, copper nitrate, etc:, 
should do so would mdeed be a striking coincidence 
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Each ion, then, has its own specific physical and cliemical 
properties, which are just as characteristic of that particular 
ion as the colour, density, atomic weight, melting point, are 
characteristic of any particular element. The chlorine ion, for 
example, wall under all conditions react with the silver ion to 
produce a precipitate of silver chloride, but the chloride atom 
does not necessarily react in this way. Thus a solution of 
silver nitrate does not produce an immediate precipitate with 
cliloroform (CHCl,) because the latter comi)ound is not ionised— 
it is a non-elcctrolj'te. 

Ionic Equilibria in Solutions.—When an acid, base or 
sjilt Is di.Hsolved in water, an equilibrium is at once set up 
between the undissociated molecules and the ions. As an 
example of this, ammonium hydroxide, normal in strength, 
will servo ; 

+OH- 

99-0% 0-4% 0-4% 

In this case the dissociation is very slight, the main part of the 
ammonium liydroxido remaining in the undi.ssooiatod state. 
But should a solution of ammonium chloride be taken of the 
.same strength, the dissociation is probably comph'te, say; 

NH.CI^NH/ -1-Cl- 
1% 99% 99% 

The following question now seems pertinent: Wliat would be 
the effect of adding this highly dissociated solution of ammonium 
chloride to a solution of ammonium hydroxide ? 

The introduction of ammonium chloride into the latter solution 
W'ill cause an immediate increase in the concentration of the 
ammonium ion. In accordance with the I>aw of Moss Action 
this must exert its influence upon the equilibrium : 

NH.OH^ NH,^- -h OH- 

for 

(NH4OH) 

in order to maintain k constant, any increase in the concentration 
of the NH 4 ‘’^ ion must be attended either by a decrease in the 
concentration of the OH" ion, or an increase in the concentration 
of undissociated NH4OH, or both. As a matter of fact, 
the equilibrium will bo driven to the left through the removal 
of hydroxyl ions, a consequential increase in the concentration 


k, the brackets denoting concentrations ; and 
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of Nn/)H resulting. The ionisation of tlie ammonium 
hydroxide is therefore repressed. This is of common occurrence. 
Qu'f.n two compounds, etc., possessing a common ion, one of the 
compouyids being more strongly dissociated than the other, then the 
addition of the more stro7\gUj dissociated compound icill repress 
the dissociation of the more weakly dissociated s^tbstance. 

This is strikingly borne out in Table 40, where the quantitative 
effect upon the dissociation of acetic acid by the addition of 
sodium acetate is tabulated. 

TABLE 46 

0-25 N Acictic Acid-|-S oDimi Acetate 

Concoiiirallon of 

n* in tho solution. 

. 00021 
. 0-00031 

. 000017 

. 0-00008 
, 0-00003 

. O-OOUOi 

The Soludilitv Product 

If a substance, e.g. silver chloride, is shaken with water, 
solution ensues, that is to say, the equilibrium 

AgCl ^ AgCl ^ Ag + + Cl- 

Undissolvod. Dissolved. 

13 set up. Molecules from the solid pass into the surface layer 
and thence into tlie solution itself, until the number of molecules 
dissolving per second is exactly equal to the number which 
returns to the surface of the solid per second. The Law of Mass 
Action states that in the balanced reaction, 

AgCl ^ Ag M- Cl', ' ){CIl) _ . . 

(AgCl) 

and, as the solution is saturated and in contact with the solid 
the concentration of the undissociated molecules must be fixed, 
hence (Ag + )(C1 ) =L, a constant kno\vn as the solulility product. 

It follows, therefore, that in all solutions containing sUver 
and clilonne ions, there cannot be a stable state if the product 
of these ions exceeds the solubility product. If L is exceeded, 
combination of the ions takes place to form undissociated silver 
chloride, and as the solution is already saturated with this 
substance, the newly formed silver chloride must separate out. 


ConoonlrAMon of 

0-0 . 
0-0125 
0025 
0-05 . 
0-125 
0-25 . 
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If a drop of a solution of potassium chloride is added to a 
solution saturated with silver chloride, the equilibrium 

AgCI AgCl ^ Ag - + Cl - 

Solid. DLi-Jo!ve<l. 

will be upset in accordance \\ith the conclusion arrived at 
previously. Momentarily, the product (Ag'^)(Cl“) exceeds L, 
and in order to re-cstabli.sh the equilibrium, chlorine atoms 
enter into combination with silver ions, and silver chloride is 
precipitated. Only when the concentrations of the silver and 
chlorine ions have fallen so low that their product is again equal 
to the solubility product will the precipitation cease. The 
addition of a drop of a solution of any chloride or of an^' silver 
salt would have a similar effect in producing a separation of 
silver chloride. 

Applicability of the Solubility Product to Cases of Double 
Decomposition.—If solutions of barium chloride and of s<Hlium 
sulpliato are mi.xed, the .same method of treatment enables 
one to see what will happen. Before mixing, the following 
equilibria exist: 

Na^SO. 2Na* -f SO^- 

BaCl,^Ba+ + -t-2Cl-. 

If, after mixing, the solubility product of any salt which can 
be formed, is not exceedctl, e.g. BaSO,, NaCI, then no separation 
of a precipitate will occur, but in the case actually bifort> us 
the solubility product of one substance, BaSO,, is so extremely low 
that the product (Ba* far exceeds the solubility product, 

and this condition of instability’at once leads to the separation of 
a precipitate of barium sulphate. This substance will continue to 
separate out until (Ba++)(S 04 -) = L At the conclusion 

there will bo left in solution a very low concentration of Ba^'*‘ 
and 804 “ ions, whilst the whole of the sodium chloride remains 
in solution, partly unionised, but mainly as Na* and Cl'ions. 

The separation of crystals of sodium chloride by the passiigc 
of hydrogen chloride through a saturated solution of sodium 
hydrogen sulphate (see p. 151) also receives its explanation from 
this point of view. Here we have to deal with the equilibria, 

HCI^H + + C1- 
NaHSO*^ Na-" +HSO4-. 
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The continued introduction of hydrogen chloride into the 
solution causes such an increase in the concentration of the 
clilorine ion that eventually the product (Na-*^ ){CI-) exceeds L^,., 
and a separation of crystals of sodium chloride takes place. 
The explanation is, perhaps, complicated in this case by the 
tendency of hydrogen chloride to combine with the solvent, 
water, and therefore prevent it from exerting its full solvent 
action upon the salt in solution, but this in no way invalidates 
tlie above statement of the case. 

I he whole realm of qualitative analysis bristles with examples 
of ionic reactions. The addition of hydrogen sulphide to a 
solution containing a copper salt affords a suitable illustration, 
for the presence of minute traces of the ions of copper and of 
sulj)hur leads to the precipitation of the insoluble copper sulphide 
in the sense of the equation, 

[Cu-]fS-J>L^ 

The delicacy of any precipitation test either in qualitative 
or quantitative work is invariably associated with the question : 
“ What is the magnitude of the solubility product of the insoluble 
salt, and by what means can that product bo exceeded and the 
salt precipitated ?” 

Application to the Precipitation of the Sulphides.—In 
dealing with the uses to which hydrogen sulphide is commonly 
put in chemical analysis, it was shoum how it was possible to 
separate the sulphides of certain elements knowm as Group II 
from the sulphides of Group III by var^dng the concentration 
of the acid. The sulphides of Group II are precipitated by the 
action of hydrogen sulphide in the presence of an excess of acid, 
u'hilst the presence of an alkaU enables this reagent to throw 
out of solution the sulphides of Group III. 

As an example, consider the separation of the sulphides of 
copper and zinc. Hydrogen sulphide is passed through a solution 
of the two salts, acidified with hydrochloric acid, and a precipitate 
of copper sulphide separates out. The solution is then rendered 
alkaline by the addition of ammonium hydroxide, and hydrogen 
sulphide is then able to throw down the zinc sulphide. 

Hydrogen sulphide in solution forms a very weak acid, feebly 
dissociated into its ions : 

H2S^H + + HS“^2H+ + S-. 
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Even in an aqueous solution of this feeble acid, the concentration 
of the S” ion is extraordinarily low. The a<ldition of such a 
highly ioniswl acid as hydrochloric acid to an aqueous solution 
of hydrogen sulphide will cause such an increase in the concentra¬ 
tion of the hydrogen ion that the equilibrium Ls swung to the 
left, i.e. the concentration of the S" ion is markedly Icssetuxl. 
In order to bring about the precipitation of copper sulphide, 
the product {Cu ^ * )(S“ )must exceed whilst for theseparation 
of zinc sulphide (Zri + + )(S") must exceed Of these two 

constants and the former is very small, the latter 

relatively large. Even in the presence of hydrochloric acid the 
concentration of the S“ i(m Ls still sufficiently large for the 
product {Cu'*''‘■){S“) to exceed L^^g, and this sulphide is preci¬ 
pitated quantitatively. But not so with zinc sulpliide. The 
extremely low concentration of the S“ ion prevents the product 
(Zn+ +)(S") from excccxling the relatively large solubility product 
L/„s> zinc sulphide separates out. Tlie addition of 

ammonium hydroxide neutrali.ses the free hydrochloric acid, 
and the further pas.sage of hydrogen sulphide through the 
alkaline solution leads to the reaction : 

2NH,OII + IRS ^ (NH,)^S + 211,0. 

But ammonium sulphide, together with the hydrosulphido 
(NH 4 HS) which is also formed, is a salt, and therefore strongly 
ionised : 

(NII^),S;=±2NH/ + S-. 

The equilibrium defined in this equation lies well to the rigid, 
and the concentration of the S" ion becomes so high that llio 
product (Zn^'*^)(S~) far exceeds and the zinc sulpliide is 
now able to separate from the solution. 

Acids, Bases, Neutralisation, Salts 

Acids.—The reader’s attention has been frequently directed 
to the fact that a whole class of substances which wc know as 
acids possesses in aqueous solution many striking properties in 
common. However dilTercnt in physical and chemical properties 
these substances may be in the pure state, the aqueous solutions 
at least show many common properties. Liquefied hydrogen 
chloride is a non-conductor of electricity, blue litmus is not 
reddened by it, nor docs it react appreciably with metals or 
metallic oxides ; pure hydrogen acetate is a colourless liquid, 
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wliich neither reddens litmus nor conducts tho electric current. 
It is also without action upon a piece of zinc. But both these 
su})stances in aqueous solution become electrolytes, a gram 
e(|uivalent of each of them liberating the same quantity of 
hydrogen when allowcxl to react with a metal. It is true that the 
velocity witli which the hydrogen is set free differs enormously, 
but the absolute amount generated is the same. All acids 
have certain properties in common, but each acid appears to 
possess certain specific properties of its owm. This is explained 
in the terms of the ionic theory by the assumption that all acids 
dissociate with the production of more or less hydrogen ions : 

HCl ^H + + C1- 

CH^-COOH ^ H+ + CH 3 COO- 

H3SO,^H+ + H.SO4- + SOr 

The properties common to aqueous solutions of all acids are 
attributed to the prescrice of hj/drogen ions in such solutions : 
the properties u'hich are distinctive of each acid are due to the 
presence of the various anions in solution, e.g. Cl~, Br~,S 04 “, NOj", 
RO 4 ,- lOa". Sulphuric acid, for example, gives the same 
reaction with barium chloride as does any inorganic sulphate, 
because in tho solution of such salts there are present SO4" ions, 
which react with barium ions, forming insoluble barium sulphate. 

Tlie properties associated with the hydrogen ion may bo 
briefly summarised : 

1. Its sourness. 

2. The action upon litmus and other indicators {see p. 449). 

3. The tendency to react with certain metals with the liberation 
of hydrogen, e.g. 2 H + -fZn^H 2 +Zn + + . 

4. The capacity of solutions containing hydrogen ions to 
react with bases to form salts. 

5. Its power to carry only one Faraday of positive electricity, 
i.e. it is a monovalent cathion. 

6 . Tlie high conductivity of solutions containing hydrogen 
ions, as compared with the conductivity of solutions of sjilts 
of equivalent strength. 

Of the above criteria the last is the only one w'hich is distinctly 
characteristic. Thus many substances other than acids are sour 
to the taste, the solutions of many salts turn blue litmus red 
(see Hydrolysis, p. 447), whilst some acids scarcely possess this 
property; many other ions are monovalent, e.g. Na"*”, 
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while ft solution of sodium hydroxide will react witli zinc or 
aluminium and liberate hj’tlrogen. Chloroform reacUs with 
sodium hydroxide to form sexlium chloride and sodium formate, 
but chloroform is not an acid. 

CHCI3 4-4NaOH —> H-COONa + 3NaCl + 2H,0. 

The high conductivity of aqueous solutions of acids is, however, 
distinctive. There is little difference in the velocity of miCTntion 
of all anions, so that the inci-eased conductivity possessed by 
6 olution.s of acids as compart'd with that of a salt under e(pial 
conditions of dissociation, must arise from the much greater 
mobility of the hydrogen ion. Thi.s reasoning is in agix'ement 
with the experimental results obtained from the direct measure¬ 
ment of the velocity of migration of cathions {see p. 421). In 
classifying a substance as an acid, it is obvious that its proper¬ 
ties as a whole must be considered, not merely some of tlu'in. 

The Reaction of Acids with Metals.—The reaction of 
an acid with a metal proceeds more sm(X)thly in the presence 
of more or less water, i.e. ionisation is a necessary preliminary 
to reaction with a metal. In dilute solution, wliere the acid 
and the salt forinwl may be looked upon as being aj)proximately 
completely dissociated, the reaction is essentially one in which 
the ionic charges borne by the hydrogen ions are passed on to 
the metal: 

2H + -1- 2C1- + Fe-> Fe+ + -f 201' -f H, 

or, elimiriating the ions common to both sides, 

2H + +Fe^Fo^ + -fH,. 

Should there bo present in the aqueous solution undissociated 
molecules of the acid, the two reactions : 

2 CH 3 COOH ^ 2H+ + 2 CH 3 COO- 
2H+ +Zn-^.Zn++ -f H, 

must be considered together. The steady removal of hydrogen 
ion.s from the system, as indicated in the second equation, will 
cau.se the equilibrium defined in the first equation to swing to 
the right, i.o. there will bo a progrc.ssivo dissociation of the 
undissociated molecules of acetic acid, until at la.st the whole 
of the acid present has reacted, and we arc left with a solution 
of zinc acetate (dissociated) and a quantity of hydrogen equiva¬ 
lent to the amount of zinc dissolved will have been set free. 

A similar disturbance of the ionic equilibria ruling in an 
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aqiioous solution (»f an acid is often produced by flic action of 
a base. This is especially the case if tlie acid is weak and there¬ 
fore nndissocialed. We liavo already learnt that the action of 
a bast' upon an acid is essentially a reaetion betwet'n tlie hydrogen 
and hydrowl ions, water being thereby formed. The ctTect of 
adding sodium liydroxide to a weakly dis.sociated acid like 
acetic acid may be repre.sented by the equations : 

CH3-C()0H^H+ -fCII.-COO- 
H^- +OH-—>H,0. 

This removal of the hydrogen ions by the action of the base 

again causes dissociation of the undissociated molecules of 

acetic acid to begin afresh, and so the neutralisation, i.e. the 

acticui between acid and base, continues until the whole of the 

acetic acid has been converted into sodium acetate (dissociated) 
aiul water. 


The Strength and Dissociation of Acids.—It is precisely 
in those solutions of acids which show relatively slight conduc¬ 
tivity, i.e. .slight dissociation, that chemical tests indicate that 
we have to (leal with a weak acid. An aqueous solution of 
hydrogen sulphide, although it fullils several of the criteria 
gi\cn above for acids, yet has no pronounced action upon litmus, 
nor does its solution possess a sour taste. Tiiis is due to the 
extreme weakness of this acid, i.e. to the very low concentration 
of tiio hydrogen ions produced by the dissociation of the acid : 


+HS-;=^2H+ +S- 

Many other weakly dissociaterl acids arc known, notably silicic^ 
carbonic, boric, sulphurous, nitrous and hypocblorous acids : 

+HS03-^2H+ + 803 - 

-H+ +H3B03--;=z±2H + +HB03--^3H + +B03^ 

HN03;=±H++N0,- ^ 

HC10^H+ +CI0- 

H3C03^H+ +HCO 3 - ;=^ 2 H+ +CO 3 -, 

The organic acids, as a class, are weakly dissociated. 

Many of the above acids are di- and tri-basic. In such cases 
the dissociation is mainly limited to the first stage, viz.; 

H,C03^H++HC03-, 

the extent to which the second stage dissociation 

HC0,-;=±H+ +CO 3 - 
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proceeds being very slight. This tendency of the di- and tri- 
ba.sic acids to show an increasing reluctance to ionise into the 
second and third stages is coimnon to all acids of tliis Ivpc. 
Even sulphuric acid shows it, for all but very dilute solutions 
show a high concentration of H.SO," ions and few JsO*” ions. 
Only on very great dilution does the dissociation 

HSOr^H+ d-SO," 

occur freely. 

Acids, then, wliich are equally' dissociated under similar 
conditions of concentration, are considered to be equally strong, 
lliis is due to the fact that such solutions contain an equal 
concentration of hydrogen ions—the ion which is respon.siblo 
for the acidic property of the solution. Solutions of acids of 
equivalent strength, i.e. of equal hydrogen ion concentration, 
possess very closely the siune conductivity. This is due to the 
predominating influence e.^erted by the hydrogen ion upon the 
conductivity. Equally concentratcKl solutions of hydrochloric, 
hydrobromic and nitric acids possess a greater conductivity 
than docs a corresponding .solution of sulphuric acid or 
phosphoric acid, hence we conclude that the first mentioned 
acids arc stronger than the latter. Similar conclusions are 
arrived at if one applied tests other than the conductivity one. 
A.s a purely chemical test, the rate at which marble is attacked 
by the acids winch do not form in.soluble j)recipitates would 
serve. If a solution containing equivalent quantities of nitric 
and sulphuric acids is treated with an amount of base insuflicient 
to neutralise both acid.s, the base has betm found to distribute 
itself between the two acids in proportion to their strength. 
Physical mea.surcments have shown that a little over 70 per 
cent, of the base is monopolised by the nitric acid, while only 
30 per cent, of the base is left for the sulphuric acid. This 
experiment is in good agreement with the results obtained by 
the conductivity method. In the following table are tabiilaU'd 
the relative strengths of the more important acids, hydro* 
chloric acid being taken os 100, the solution being N : 


TABLE 47 


Hydrochloric acid . 

• 

• 

« 

• 

• 

. 100 

Nitric 



• 

• 

• 

. yti 

Sulphuric 

# 

« 


• 

• 

00 

Oxalic . . 


• 

» 

• 

• 

18 

PhoM])horic . 


• 

• 

• 

• 

. 7 

Acotio . . 


• 

» 

• 

• 

. 0 4 
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Although all methods place sulphuric acid as a much weaker 
acid than nitric acid, yet it has long been common knowledge 
that, if suljihuric acid is added to a solution of a nitrate, chloride, 
etc., the nitric (hydrochloric) acid is expelled from the system! 
In this case, however, another factor comes into play—the 
greater volatility of the nitric acid, and it is precisely from the 
neglect of this important factor that chemists erred so long in 
assigning to sulphuric acid a greater strength than to nitric and 
hydrochloric acids. Owing to the non-volatility of the aul- 
phuric acid, practically none of its molecules pass into the vapour 
jihase, but the more volatile nitric acid, which is partly expelled 
from the nitrate, distributes itself between the liquid and vajiour 
phases ; and if the system is not a sealed one, the vapour is 
carried away and a continuous stream of molecules of nitric acid 
leaves the liijuid to pass into the vapour phase in order to 
estalilish an equilibrium between the two phases. In short, the 
sulphuric acid will completely expel all the nitric acid if the 
evaporation is carried out in open vessels, and this in spite of 
the greater strength of the nitric acid. 

Bases.—Just as the properties common to all acids have 
been found to arise from the presence of the hydrogen ion, the 
characteristic properties common to all bases are to be attributed 
to the hydroxyl ion generated when any base is dissolved. The 
property these substances have of neutralising or destroying 
the acidic properties exhibited by an acid is explained in terms 
of the ionic hypothesis by the assumption that all such bases 
dissociate in solution with the formation of a greater or less 
amount of hydroxyl ions. 

NaOH^:^Na+ +OH- 
Ba(OH)g^^Ba++ +20H- 
NH.OH NH,+ + OH^ 
Zn(0H),;:z±2n++ +20H- 
A1(0H)3 ^ Al^ + + + 30H- 
AgOH^Ag+ -f OH- 

Tho properties which one base possesses as distinct from another 
base are due purely to the cation, e.g. the formation of a pre¬ 
cipitate with a given reagent: 

Ba(OH)3 + H2S04-^BaS04 +211,0. 
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All the above bases react at once with an acid, forming a salt 
and water, 

Nil,OH -1- IICl ^NH,C1 f H.O 

or, written ionically, 

NH/)H-=:NH/ +011' 

IIC1;=:H*^ 4-CI- 

NH.OH 4-HCI—>NII/ +01" -f H^O; 


AI(01I)H- 3HN0,—>A1(N03),-{ 311,0 

or A1(()H)3;^A1+ + + 4-3011" 

3HN03;rr±3II+ 4 - 3 NO 3 -. 

A1(0H)3 4-3HN03->AI+^^ 4 - 3 NO 3 - 4-311,0. 

The extent to which the base is actually dissociated docs not 
enter into the question. Ainmoniuiu hydroxide, in spite of its 
slight dissociation, reacts as freely with hydrochloric acid as 
does the Inglily ionised sodium hydroxide. This arises from 
the fact tliat, tlircctly hydrogen ions are introduced into the 
solution containing the base, combination between the II^ and 
0H“ ions occurs, and any undissociated base instantly proceeds 
tosplitofi fresh hydroxyl ions. This continues until neutrali¬ 
sation is complete. 

A number of methods have been devised for mea.suring the 
extent to which solutions of the more soluble bases are dis¬ 
sociated. One such method is the distribution of an acid 
between two bases which are j)rcsent in excess. This and other 
methods lead to the conclusion that the hydroxides of the 
alkalies and of tlic alkaline earth elements arc very strongly 
dissociated, even in relatively strong solutions. The following 
table records the relative strengths of some of the more important 
bases, the solutions always being N/40: 

TAUbE 48. 


bithiuTn hydroxide ...... 100 

Sodium hydroxule ...... OH 

PotAHflimri hydroxide ...... 08 

Thallium hydroxido ...... 89 

Ammonium hydroxide ~ 


The hydroxides of the heavy metals are generally insoluble, 
and their saturated solutions are so dilute that, although as 
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basp.s somo of tlu-tn are weak, they are yet widely dissociated. 

In eonsideritii: the neutralisation of the base, magnesium 
hydroxide, Mg(()n)„, the following equilibria must be kept in 
mind : 


±Mg++ +20H 


Solitl. Dissolved but 

uii<lis«;oeiut<Hl niolectiles. 

The introduction of hydrogen ions (acid) into such a solution 
causes the removal of the OH" ions, water being thus produced. 

In order to restore the equilibrium defined in the equation ; 

[Mg(OH),l \ 

more of the undissociated molecules must break do\^Ti into ions 
tberoby causing a displacement of the equilibriunidietween the 
undissoeialed and tho solid molecules. Hence, the nett result 
is that more and more of tlio solid muat^continue^to-di^olve 
until the whole of tho hydroxide has reacted>^ ' 

Alhjli is the term applied to the more active aiuhrtcpng bases, , 

\ iz. KOH, NaOH. Sodium and pdf'assium h^’droxides^l^e also 
known commereially as caustic soda and caustic potash rc^|)OC- 
tively. The alkalies, and to a less extent,,certairT^f the othc^'^ 
bases (silver hydroxide, magnesium liydroxide, calcium hydroxide, 
aminonium hydroxide, etc.), have the property of imparting^lS^- 
water a soapy feel. They also turn red litmus blue. 

Neutralisation.—The reaction between acids and bases, 

provided these arg strongly dissociatwl, proceeds to a com¬ 
pletion. 

NaOH + HCl-> NaCI + H.O. 

In chemical work it has become tho practice to work with 
giara equivalent quantities, rather than with the gram molecule. 

A gram equivalent of hydrochloric acid contains 3G-5 .gm. of 

hydrogen chloride per litre, of sulphuric acid =49 gm. pc^ 
litre, of pliosphoric acid ^ =32-6 gm. per litre, of sodium hydr¬ 
oxide 40 gra. per litre, of barium hydroxide l’^=85-5 gm. per 

2 

litre, i.e. tho molecular weight of the acid (base) -h valency of 
the cathiou (anion), A solution containing 1 gm. equivalent 
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per litre Ls known as a normal solution ; similarly a solution 
containing half a gram equivalent per litre is n^ferred to as a 
half normal solution (N/2), ete. A normal solution of an acid 
contains 1 gm. of hydrogen ions, a normal solution of a base 
17 gm. of hydroxyl ions. When 1 litre of a normal solution 
of acid reacts with 1 litre of a normal solution of a base, there 
arc formed 18 gm. of water : 

+ OH-^11,0 

* * 

1 gm. 17 gm. 18 gm. 

If one lyxs available a solution of a base of known strength, say 
exactly normal, the exact litre or 
strength of an acid can be obtained by 
the operation known as titration. A 
measured volume of the acid Ls allowed 
to drain slowly from a pipette or gradu¬ 
ated tube into a beaker, a drop of litnms 
or other indicator added {see p. 449), 
and the solution of the base slowly run 
into the acid from a burette (Fig. 117). 

The colour change of the indicator 
shows the point of neutrality. At this 
moment the tap of the burette is turned. 

From a knowledge of the volume of the 
base of known strength used and of the 
volume of the acid taken, one can at 
once compute the concentration of the 
acid. Thus, if 25 c.c. of a normal 
solution of sodium hydroxide neutral¬ 
ises 20 c.c. of a solution of sulphuric 

25 

acid, the acid must be --=1«25 N. 

The liberation of a constant amount 
of heat, 13,700 cals., when 1 gm. equi¬ 
valent of an acid is neutralised by 1 Fio. 117. 

gm. equivalent of a base has already 

been dwelt upon, especially as regards the support it gives to 
the ionic hypothesis. In certain cases, however, it has been 
observed that during the neutralisation the evolution is less 
than that mentioned above, e.g. in the neutralisation of ammo- 
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Ilium Iiydroxkle by a stront; acid. Tliis fact, instead of weak¬ 
ening tlic position of tlio ionic iiypotliesis, strengthens it. 
Consider tlie eipiations : 


NH*OII 4- 


/I 


IICI 

/I 


NH,CI + H,0 


d-OH- H+ +CI- NhV + Cl¬ 
in thi.s case tlie heat of neutralisation per gram equivalent is 
only 12,200 cals, instead of the usual 1:1.700 cals, generated by 
the interaction of a solution of a strong base with a strong acid. 
This arises from the fact that ammonium hydroxide is weakly dis¬ 
sociated. but as the removal of OH- ions takes place through 
the agency of the hydrogen ions of the acid, the undUsociated 
molecules of ammonium hydroxide dissociate further, 

NII.OII—^NH,+ +OH- 

and this dissociation is attended by an absorption of heat. What 
is actually measured, then, is the dillcrcnce between the heat of 
neutralisation and the heat of dissociation of the ammonium 
hydroxide. Convincing jiroof that this base actually dissociates 
with tho absorption of heat is afTordt'd by the fact that - this 
substance shows a marked rise in conductivity with a rise in 
teinperaturo (Lo ChatcHcr s Law), This increase can only 
come about from an increase in tho number or in the velocity 
of migiation of tho ions. It is true that the speed of migration 
increases with a rise in temperature owing to a diminished 
viscosity, but this effect is in this case quite insufficient to account 
for the marked increase in tho conductivity. 


Amphoteric Electrolytes.—In Chapter XXII, dealing with 
the elements of Group V, emphasis was laid upon the remarkable 
behaviour of the lower hydroxides (oxides) of arsenic and anti¬ 
mony, in so far as these substances possess tho dual property of 
neutralising either a strong baso or a strong acid, viz. : 

As(OH )3 -k 3HC1 ^ AsClj + 3 H 3 O 
As(OH )3 + 3NaOH NajAsOj + 

The question may well bo asked: How do amphoterio 

hydroxides fit into such a scheme as presented by tho ionic 
hypothesis ? 

Arsenious hydroxide has the property of neutralising an acid. 
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Tliis indicates that in an aqueous solution of tlxis difficultly 
soluble hydroxide the following equilibria exist : 

As{ 0H)3^^ AsfOH),:^ + + -f 3011'. 

SolUl. Dissolvcil. 

On the addition of such a strongly ionised acid as hydrochloric 
acid, combination at once ensues between tlic hydroxyl and 
hydrogen ions. The above train of equilibria is thereby upset, 
and in order to restore the equilibrium, more hydroxide dissolves. 
The continued addition of acid will therefore load to the complete 
solution of the hydroxide. The intr^Mluction of tlie acid ha.s 
also increased the concentration of the chlorine ions, so that 
the reaction Asd-3Cl-^^AsCl, sets in. At the conclusion 
of the experiment we shall have in solution a large number of 
tlie undissociated molecule.s of arsenic trichloride and a few 
ions of arsenic and of chlorine in equilibrium with the very 
weakly dissociated arsenic trichloride. 

On the other hand, the fact tliat arsenious hydroxide dissolves 
readily in a strong ba.se such as sodium hydroxide, with the 
formation of a salt certainly argue.s in favour of the following 
equilibria cxi.sting in an aqueous solution of this substance : 

A.';(OH)3^As{OH)3:^3H* +AsO,=. 

Solid. Dissolvo<l. 

The introxluction of hydroxyl ions into the solution in the form 
of a strongly di.ssociated ba.se such as 80 <liuni hydroxide causes 
a reaction between the hydroxyl and hydrogen ions, and the 
above train of equilibria is again upset. In order to rc.store tlie 
concentration of the hydrogen ions to its former equilibrium 
value more hydroxide dis-solvcs, and will continue to dissolve so 
long aa sodium hydroxide is introduced into the solution. \\ hen 
solution is complete, we shall bo left witli a solution of the highly 
dissociated salt, sodium arsenite. 

An aqueous solution of an amphoteric electrolyte such as 
arsenious hydroxide must therefore be in equilibrium not only 
with hydrogen ions, but also with hydroxyl ions. Thus wo have : 

AsO = + 3H + ^ Ab(OH) a ^ As + + + + 30H ". 

It io this capacity to split off both hydrogen and hydroxyl ions 
that confers upon amphoteric hydroxides tlicir distinctive 
property of reacting either with an acid or with a base to form 
a salt. 

The reactions between arsenious hydroxide and sodium 
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hydroxide on the one hand, and arsonious hydroxide and hydro¬ 
chloric acid on the otiicr can be formulated in the following 
w ay : 


ASO 3 - ^ As{0n)3;=^As+ + + +30H- 

3Na+ +3()H- 3C1- 4-3H + 


NajAsOa + SH.O 


AsClj + SHjO 




L' 


3Na+ +ASO 3 - As+ + + H-3C1- 

The actual amount of arsenious chloride in the dissociated state 
is, however, very small. 


Water as an Electrolyte.—It was Davy (1806) who first 
showed tliat the electrolysis of water led to the appearance of an 
acid round the catliodc and an alkali round the anode. This 
lie rightly attriliiited to the presence of dissolved salts. Careful 
distillation in gold vessels enabled him to show that tlie 
phenomenon arose from the small quantities of salts dissolved 
from the glass by the water. Modern work, particularly on the 
part of Kohlrausch, has shown that, however pure the water 
may be it still retains a certain minimum conductivity which 
has been attributed to the presence of extremely small quantities 
of hydrogen and hydroxyl ions. 


+0H-. 

If such a dissociation of the ivater molecules occurs, it folloivs that, 

(H3O) 


and since the total quantity of water is practically unaltered by 

the extremely small amount of ionisation which occurs, wo may 
WTito 


(H^)(0H-)=^(H,0)=K 

that is, whenever hydrogen ions are present in aqueous solution, 
there must also be a definite concentration of hydroxyl ions 
It has been found by various phj'sico-chcmical methods, such 
as the conductivity of water distilled from platinum vessels, 
that the ionic concentration of the hydrogen and hydroxyl 
ions in pure water is IQ-?, hence (H + ){OH-)=IO'i*. In an 
N/10 solution of hydrochloric acid (85 per cent, dissociated) the 
concentration of the hydrogen ions (H^) is 0*085, hence: 
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(OH-) = 


io->« 

0 085 


= 1-2 X 10-13 


Similarly, in a tenth normal solution of sodium h 3 'droxide the 
ionic concentration of the hydrogen ion is about 1-2 X 10 “ *3 
Thcj hydrogen ion concentration is often more conveniently' 
referred to as tlic ^H of the solution, this being equal to the 
logjo of the true concentration with the minus sign omitted. 
Thus a hydrogen ion concentration of 10 “‘3-3 has a ydl 12-3. 
Acid solutions obviously have a /jH less than 7, alkaline solutions 
a pW. in excess of 7, whilst water lias a yyil 7. 


Hydrolysis.—If a salt, formed from a strong base and a weak 
acid, e.g. K.S, NaA’Oj, KCN, etc., is dis.solvcd in acjueoussolution, 
it is found that the solution reacts alkaline. Tliis indicates that 
then* is an exces.s of hydroxyl ions. Whence do tlic.se ions come ? 
The hydrolytic decomposition of .sodium carbonate 

Na,CO,-j-2H,0—_;2XaOH t-H/’Oj 

leads to the formation of an equivalent quantity of free acid 
and free biise, but, whereas sodium hydroxide, being a strong 
base, undergoes far-reaching dissociation, 

2NaOH^2Na+ -f 20H- 

thc extremely weak carbonic acid is scarcely ionised at all: 

H,C03^H+ +HCO3-. 

Consequently, there is produced in solution a large excess of 
hydroxyl ions ; the concentration of these ions rises above 10“’, 
and ill accordance with the equation 

(H^)(OH-) = 10->* 

there must be a corresponding drop in the concentration of the 
hydrogen ion. The solution must therefore react alkaline. 
All salts formed from a wrak acid and a strong base will undergo 
hydrolysis in aqueous solution, and as a result their solution 
will react alkaline. The diilerential dissociation of the strong 
base and of the Aveak acid arises from the difference in the specific 
properties of these substances, and is further accentuated by the 
influence exerted by the ions of the original salt, e.g. the 
dissociation of the very weakly ionised carbonic acid : 

HsCOa^H^ -f HCOj- ^2H+ +COr 

will bo almost completely prevented by the presence of the 
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carbonate ions arising from the sodium carbonate. On the 

otlior liand, tlie prcsrnce of the sodium ions will exert scarcely 

any infiucneo upon the dissociation of the strong base, sodium 
lty<Iroxido. 

But if a .salt, formed from a strong acid and weak base, e.g. 
aluniiiiiuin chloride, is dissolved in water, we have 

AICI 3 + 3HOH ^ A1(0H)3 + 3HCI. 

The total quantity of acid and base produced by the hydroly.sis 
is again the same, but, whereas the hydrochloric acid is so 
strongly ionised that its ionisation is not appreciably affected 
by the presence of chlorine ions generated from the unhydrolysed 
aluminium chloride, the dissociation of the aluminium hydroxide 
IS so slight as to be negligible. This is due to the weakness of 
aluminium Iiydroxide as a base, as well as to the overpowering 
action of the aluminium ions generated by the dissociation of 
the unhydrolyscd aluminium cliloridc : 

3H(n^3H^ + 3Cl-. 

AI(0H)3;==;A1* + + +30H-. 

As a result, there is a predominance of hydrogen ions in the 

solution, i.e. Such a solution will therefore react 

acid to litmus. Other examples of such salts are the chloride 

and sulphate of copper, zinc, bismuth, chromium, iron (ferric), 
ammonium, etc. 

The extent to wliich such salts as Na.CO,. AlCl,, etc., are 

hydrolysed is slight—a few per cent, at raost>—but if both acid 

and base from which the salt is formed are weak, far-reaching 

hydrolysis occtirs. Thus, ammonium acetate, ammonium 

carbonate and ammonium sulphide are roughly 10 per cent. 

hydrolysed. It is because of this extensive hydrolysis that it is 

impossible to prepare such salts as aluminium carbonate by the 
wet method, 

n the salt is formed from a strong acid and an equally 
strong base, e.g. NaCI, no measurable hydrolysis occurs, for if 
wc concede for the moment that hydrolytic decomposition does 
take place, equilibria such as the foUowing must be sot up : 

NaCI+HOH;=^NaOH + HCl 


Na+ +01- Na+ +011“ H+ +01" 
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Since both acid and base are strong, the extent to which 
they are dissociated will be practically the same, hence the 
concentration of the hydroxyl ion must equal that of the hydrogen 
ion; but (H + )(OH“) = 10“so thatthe concentration of each 
of these ions must be as in pure water. This is equivalent 
to saving tliat there is no measurable hydrolysis in a solution of 
such a salt as sodium chloride. 

The two equations 

A 1 ( 0 H )3 -j- 3HC1^ AICI 3 d- 3 H 3 O 
AICI 3 + SHjO A1(0H)3 -f 3HC1 

throw into sharp contrast the processes of hydrolysis and 
neutralisation. Hydrolysis is thiis seen io be the reverse of neutral- 
isalion. Exact neutralisation of an acid by a base can only be 
effected when the acid and base are alike strong, but the error 
involved in the titration of a weak acid by a strong base is 
relatively small. It is obviously impossible to neutralise exactly 
a weak acid (acetic acid) with a weak base (ammonium h 3 'droxide) 
(cf. next section). 

Indicators and their Action.—Indicators, such as are u.sed 
in the titration of acids and base.s, change their colour according 
to whether they are in the presence of an excess of an acid or of 
a ba.se. Litmus is blue in the presence of an alkali, red with an 
acid ; methyl orange gives a reddisli solution with an acid, 
and a bright yellow solution with an alkali. Although the 
original theory put forward by Ostwald does not take into 
consideration all the equilibria existing in a solution of an acid- 
base indicator, yet, in the main, the theory propounded by 
Ostwald does explain the colour changes observed. 

On this view indicators in general use are weak acids or ba.ses, 
po.ssessing a distinctive colour which is different from that 
of the salt formed from the indicator. As an example, phenol- 
phthalein will servo. This substance is a very w’eak acid which 
forms a colourless solution, but in the presence of an excess of 
alkali, it is bright pink. On the addition of an acid like hydro¬ 
chloric acid to a solution containing phenolphthalcin, wo have 
the following equilibria : 

HC1^H+ +C1- 
HPh^H + + Ph-. 

Ow'ing to the effect of the high concentration of h^'drogen ions 

o o 
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generated by the dissociation of the hydrochloric acid, the 
ionisation of the indicator acid is practically completely pre¬ 
vented, and as tliis undissociatod acid is in this case colourless, 
the solution appears colourless. 

We have in the solution two acids, one of which is extra¬ 
ordinarily weak, the otlier strong and largely dissociated. If a 
solution of an alkali is run into the acid solution, it will enter 
into combination with the strong acid, and the amount of it 
\\hich falls to the share of the extremely weak and undissociated 
indicator-acid is iidinitely small ; but so soon as the last trace 
of the hydrochloric acid is neutralised, the base begins to react 
with the weak indicator-acid HRli, and the sodium salt of this 
substance is formed. All sodium siilts are strongly dissociated, 
so that, directly the slightest excess of alkali is introduced into 
the solution, j)ink anions of the indicator appear in the solution 
tlirough the dissociation of the sodium salt, NaPh. In short, 
the colour change is due to the appearance in the solution of 
free aiiion.s of the indicator aoul, these anions possessing a 
diflercnt colour from the undissociated indicator acid. On 
such a theory, red is the colour of the undissociated Utmus acid, 
blue the colour of the litmus anion, yellow the colour of the free 

anion of methyl orange, and red the colour of this undissociated 
indicator. 

If the base which is being titrated is a weak one, e.g. ammonium 

hydroxide, the salt NH 4 ph, formed as it is from a very weak 

acid and a comparatively weak base, ^^ill be extensively hydro¬ 
lysed. 

NH^Ph + HOH ^ NH 4 OH + HPh, 

i.e, we shall not get a sharp colour change at the point of 
neutrality, but a considerable excess of ammonium hydroxide 
will be required to bring about the pink colour of the ion Ph'. 
Ammonium hydroxide should therefore never be titrated with 
a weak acid indicator such as phenolphthalein, but v.-ith one of 
the relatively strong acid indicators, such as methyl orange. With 
this indicator hydrolysis does not play such an important part 
in hindering the colour change at the point of neutrality. 

But if a uoak acid, .such as acetic acid, is being titrated. 
It is inadvisable to use a .strong acid indicator such as methyl 
orange, for competition will take place between the acetic acid 
and the metliyl orange for the possession of the base. The 


APPLICATIONS OF THE IONIC THEORY 


451 


distribution of a base between two competing aci{l3 present in 
excess is proportional to the strength of the acids, provided 
the acids are present under comparable conditions of concentra¬ 
tion. It follows that some of the base will fall to the share of the 
methyl orange before the whole of the acetic acid is neutralised, 
i.e. the colour change will occur before the neutralisation is 
complete. For such an acid as acetic acid, the weak acid 
indicator, phenolplithalein. should be called into n.*quisition. 

In view of these remarks it is obvious that no indicator will 
give a sharp reading if both acid and base which are being titrated 
are weak. Furthermore, it is always inadvisable to add more 
than one or two drops of the indicator, otherwise the competition 
of the indicator for the base will be favoured in accordance with 
the Law of Mass Action, and the end point will occur too soon. 

Indicators are frequently called into u.se for reactions other 
than between acid and base, e.g. if a solution of sodium chloride 
is titrated ^ith a solution of silver nitrate of known strencth, 
potassium chromate is added as an indicator. The underlying 
principle in this tyjie of indicator diflers from that already 
developed for acid-base neutralisations. So long as chlorine 
ions arc present, the slightest drop of the solution of silver 
nitrate is sufficient to enable the protluct (Ag^)(Cl“) to cxcml 
the solubility product of this salt, and silver chloride will separate 
out. But there is another possibility—the separation of silver 
chromate. This substance Is, however, considcTably more .soluble 
than silver chloride, i.e., the product (Ag*)*(O 04 ") - 
exceeds L^^,. So long as chlorine ions are present, the con¬ 
centration of silver ions is kept so low that the solubility product 
caimot be exceeded ; but as soon as the chlorine ions 
have been practically compleUdy precipitated as silver chloride, 
the introduction of a drop of the solution containing silver 
nitrate \vill enable the product to bo exceeded, and a 

precipitate of red silver chromate is thrown down. The titration 
is completed. 

Questioks 

1. DisouM fully t])o term acid, boAc. 

2. How may tho utrongth of two jwida bo compared ? 

*1. Explain fully what liap{>onA wlien liydropni Bulphido is bubbled 
tlirouf;h an aqueous Rohition containing inorc’uric and zinc cbloridus 
What happons if tho solution also contains hydrochloric etcid ? 

4 . Discuss tho ionic reactions which aro involvod when nntiinonioui 
hydroxide reacts with (a) hydrocldoric acid, (6) sodium hydroxide. 
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r. Kxpla.n fully wlmt Imppons when sodium carbonato and ammonium 
sulphnto Iiro s<'parrtt<'ly <lissolved in wntor. 'uuiouium 

(i. Show how hydrolysis and luiitralisation are intor-relatod 

/. I’'‘‘"»;';solnbilifypro.lurt.--and illustrate your answer by reforrinc to 

tbj of banun. sulphate from a solution containing barn.m 

S A saturated aqueous solution of carbon dioxide is treated with 
sulidmnc acid. Kxplain what hapiH'ns. ‘I'^aiiu wiwh 

ferlL') ""’‘'‘I >•'=’« in the behaviour of a solution 

formed (n) from equivalent quantities of sodium sulphate and sulphuric 

oenl. (h) .sodium ^id sulphate, the total amount of sulphate ion U'ing the 
same m both solutions ? Why so ’ t «^»ng mo 

olu'Jfio'orri,"''l,y “,, 10 “'““^”* “’“O"’' »■''> the 

12 Magnesiuin hydroxide is precipitated by ammonium hv<iroxido 
Jer thirf,™ £ 24 ):""° How do you uccount 

(nil to the ionic hjqmthesis. the reactions between 

(a) calcium oMdo and water, (h) calcium hydroxide and nitric acid (c) 
copper sulphate and barium chloride. ’ ' ' 

14 Wlmt weight of hydrogen chloride is contained in a litre of 0-9 normal 
solutum of hydrochloric acid ? How many c.c. of a 0-85 normal solution 

m id"? ' i’*) neutralise 20 c.c. of the above 

ftcui ? W hut iruJinutor would you use? 

15. Give a brief accoimt of tho boliaviour of indicator. 


CHAPTER XXX 


THE METALS 

In the discussion dealing with the Periodic Method of Classifica¬ 
tion, cmpliasis was laid upon the fact that, wliilst the basic 
property of the oxide is most strongly developed in Groups I 
and II, there is a steady fall in this proi)erty as we pass to the 
groups to the right. This change is most clearly brought out 
if the following method of classification is adopted : 

IFo Li OI 13 C N O F 

No Na Mg A1 Si P S Cl 

A K Cft So Ti V Cr Mri Fo Co Ni Cu Zn Ga Go As So Br 
Kr Hb Sr Y Zr Nb Mo — Uh Pd Ag Cd Jn Sn Sb To I 

©tc. 

This table at once throws into prominence the fact that all the 
typically metallic elements arc clustered at the beginning of 
each series, whilst the acid-forming elements appear at the end of 
each scries. This gradual transition from elements producing 
basic-forming oxides appearing on the left of each series to those 
yielding acid-forming oxides on the right accounts for the occur¬ 
rence of many amphoteric oxides (hydroxides) among the metals 
grouped towards the centre of each series. 

As an aid to the study of the metals the following points may 
be stressed :— 

1. In passing dowm the elements of any particular group, e.g. 
Li, Na, K, Rb, Cs, there is a steady increase in the basicity of 
the oxide. 

2. The metals which form the strong bases appear in Groups I 
and II; metals lying to the right of Group II have much less 
pronounced basic properties. 

3. In many cases one or more of the oxides (hydroxides) 
of the metals are amphoteric—a symptom of very weak basicity 
on the part of the metal. Amphotcrism is of extreme importance 
in the study of the metals, for it not only explains the existence 
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of sucli compounds as the aluminatcs and zincntcs ( 7 .?'.), but 
it also accounts for the extreme ease with which sucli salts as 
the nitrates, cliloridcs, sulphates of such elements arc liydrolysed 
in acjiieous solution. Oxides of metals which arc pronouncedly 
amplioteric in their nature, e.g. aluminium, possess such weak 
basic properties that all salts formed from Aveak acids such as 
carlK)nic acid, acetic acid, etc., arc completely hydrolysed in 
aqueous solution. Such salts can consequently only be prepared 
in the dry way. 

4. When metals form more than one oxide, e.g. Rb, the loAver 
oxule is the more strongly basic. Chromous oxide, CrO, is 
di.stinetly basic, chromium trioxide is acidic, whilst chromic 
oxide, CrjOj, is amphoteric. 

5. The metals wliicli form several oxides and give rise to 
more than one series of salts arc generally found towards the 
bottom of the table, e.g. tin, lead, hisimith, mercury. 

0 . When a metal forms more than one series of salts, the.se 
salts often exhil)it a greater similarity to similarly constituted 
salts of other metals than they do to one another. Thus, 
mercurous and cuprous ehloiide.s are insoluble, whilst mercuric 
and cupric chlorides are soliihle. Load chloride (PhClj) is a 
white ery.stallino solid, dissolving without decomposition in hot 
water (ef. CuC'L, MgCL, HgCL, etc.), hut plumbic chloride, 
rhGl 4 , is a li(iuid. completely hydrolysf-d by water, exhibiting 
luoperties very similar to silicon tetrachloride, SiCI*. 

The Formation of Complex and Double Salts.—The direc¬ 
tion in Avhioh an ion migrates has already been discussed, as well 
as tlie information which the direction of migration throw's upon 
the constitution of a salt. If a salt is at all coloured, the movo- 
ment of a boundary when a solution is electrolysed under 
conditions defined on p. 420, affords visual evidence of the charge 
associated with the coloured ion. 

It is a matter of common experience to meet with salts wherein 

metal forms part of the anion. Potassium permanganate, 
KAInOi, is such a compound, but the isomorphism between 
this salt and potassium perchlorate, coupled with the pronounced 
acid nature of the oxide, Mn^O,. precludes us from attributing a 
coinjulex nature to this salt. There is, however, a w'holo series 
of salts which can bo formed by the union of molecules of two 
different salts, and it is to these compounds that the term 
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complex salt is applied. By the action of potassium cyanide 
upon an aqueous solution of silver nitrate there is first formed a 
white precipitate of silver cyanide. 

KCN + AgN03-> AgCX -f KNO,. 

This precipitate dissolves in an excess of potassium cyanide, 
forming potassium silver cyanide. 

AgCN + KCN ^ KAg(CN),. 

This salt is a typical salt of potassium, giving all the reactions of 
this metal ; but it gives few of the reactions of silver. Moreover, 
it can be shown by fjuantitative migration experiments that the 
silver migrates to the anode as part of the anion, i.c. the salt is 
ionised thus, 

KAg(CN),^K+ +Ag(CN)r. 

This compound is formed by the combination of the molecules 
of potassium cyanide and silver cyanide. Many so-called double 
salts iq.v.) exhibit similar complex formation to a greater or 
less extent, but in all cases where marked complex formation 
occurs, it is found that one of the salts is of a stronger electro- 
affinity than the other. The stronger salt appears to force the 
weaker salt into the anion. In the case of potassium silver 
cyanide, potassium is an element of extremely high electro- 
affinity, silver a metal much lower on the electro-aninity scale. 
Under these conditions, potassium cyanide forces the weaker 
silver cyanide into the complex, and a stable complex salt 
rovsults. Similar behaviour is notice<l if a strong solution of 
potassium chloride is added to a solution of cupric or cobalt 
chloride ; the former solution is turned a deep brown, the latter 
a bright blue. In both cases the relatively weaker salts, CuCla 
and CoClj, are forced into the complex anion. 


2KC1 + CuClj ^ K,[CuCU] 



2K+ -1-2C1- Cu+-*‘ -f 2C1- 2K"-f[CuCl4)- 

Hrown. 

2KC1 + CoCI, ^ K,(CoCl 4 ] 

H 11 11 

2K+d-2Cl- CO+ + +2CI- 2K++[CoCl4] 

Blue. 
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Tho niiinbor of such complex or double cyanides, halides and 
sulphates is very great. Tiiey all show more or less dissociation 
into their original sails, and tho extent of this dissociation will 
determine to what extent the reactions of the individual salts 
are given. In tho case of potassium silver cyanide, although 
physical methods show that there is a slight dissociation in 
accordance with the equation, 

KAg(CN )3 KCN + AgCN 



K+ +CN- Ag^ +CN- 
as well as the main dissociation, 

KAg(CN),^K+ +Ag(CN),-, 

tho concentration of the silver ions in such a solution is so very 
low that a solution containing chlorine ions causes no precipitation 
of silver chloride, while hydrogen sulphide produces only a 
partial preeipitation of silver sulphide. 

Another typo of salt, which has much in common with the 
complex salts, is that known as a double salt. In the study of the 
metals many examples of double salts will be met with. As 
e.xamplcs, tlio alums (, 7 . 1 -.) will serve. Potassium aluminium 
sulphate is formed by the combination of molecules of potassium 
sulphate, aluminium sulphate and water, as represented in the 
formula K,SO„Al,(SO,)3,24H,0. Such a salt, when dissolved 
in water, gives all the reactions of the potassium, aluminium and 
sulphate ions, but ph 3 'sical measurements have revealed that a 
considerable amount of comi.lcx formation does take place, 
though tho equilibrium lies well over to the Icjt. 

K,SO, + AI,(804)3 + arHjO 

K,[AI,(S04)4]24H,0 24)H30. 

Similarly the double salt, K 3 SO 4 .ZnSO 4 . 6 HA does display 
slight complex formation in aqueous solution, but such a solution 
gives all tho reactions of potassium, zinc and sulphate ions. 
In short, tho difference between double salts and complex salts 
13 one of degree, rather than kind, tho former term being reserved 
for salts m winch comparatively little complex formation is 
found in their aqueous solutions. 

Hydrolysis of the Metallic Halides.-The action of water 
upon the metallic and non-metallic halides affords a ready 
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test for dctorrniiiing wliethcr an clement is entitled to rank 
amongst the metals or non-metals. A typical non-mctallic 
halide, such as pliosphorus trichloride, reacts in the following 
way on treatment with water : 

PCI 3 + 3HOH ^ P(OH)j + 3HCI. 

This reaction, at any rate in open vessels, is practically complete. 
Phosphorus trichloride sufftTs complete liydrolysis into phos¬ 
phorous acid and hydrochloric acid, tliough it is possible that 
phosphorous acid, treated with hydrogen chloride in a sealed 
system, might show signs of the opposite reactuui. A similar 
decomposition into a mixture of two aculs is afTorded by the 
hydrolysis of sul 2 )hur chloride : 

2S,CU + 311,0 ^ 4HC1 + H,S03 -h 3S ^ . 

Such reactions are not readily reversible in the case of the halides 
of the non-metals. 

On tlic other hand, the halide of a metal not only liydrolyses 
to a much smaller extent : 

ZnCla4-H0H^Zn(0H)CI HCl 

but the reaction is reatlily reversible. The hydrolysis of such 
a salt as zinc chloride can be entirely •prevented by the addition 
of hydrochloric or any other strongly dissociated acid. In other 
words, the hydrolysis of the halide of a metal is strictly reversible. 

In tlic case of the metallic halides, the liydrolysis is considerably 
increased either by a rise in temperature or by an increase in the 
dilution. A consideration of the equation 

NH.Cl 4- HOH ^ NH.OII + HCl 

from the point of view of the Law of Mass Action shows that 
the effect of dilution is to increase hydrolysis. Occasionally the 
hydrolysis of a metallic halide leads to the precipitation of a 
basic salt, c.g.; 

SnCl, 4- nOH~^Sn(OH)a i 4- HO, 

but the luldition of hydrochloric acid at once forces this pre¬ 
cipitate back into solution. A similar jihenomenon is noticed 
in the case of antimony, bismuth and arsenic chlorides : 

SbCla 4- 2H0H ^ Sb(OH),Cl 4- 2HC1 
BiCla 4- 2H0H ::=e Bi(OH),Cl 'I' 4 - 2HC1 
AsCU 4- 3H0H ^ As(OH)a i 4- 3HC1 
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but here aj^ain the addition of hydrochloric acid to the system 
drives tlic precipitate back into solution. On such a view, 
arsenic and antimony belong to the metals rather than to the 
non-metals, but the reluctance witli which those elements 
assume jmsitivo charges has generally led to their inclusion 
amongst the non-metals, or at least amongst the transition 
elements, known as the metalloids. 

Occurrence of the Metals in Nature.—The manner in 
wlueii metals occur in nature is conditioned mainly by the 
I)roperties of the element. Most of the metals occur as oxides, 
siiljiliuies, sulphates, carbonates and chlorides, whilst a few 
occur native. They are also widely distributed as silicates, but 
in this form they rarely have any commercial value. 

The more important metals occurring as oxides are iron, zinc, 
tin. co|tp<T, aluminium, manganese, chromium and bismuth! 
As sulp/iidcs wo have lead, silver, cobalt, nickel, antimony, 
arsenic, bismuth, onclniium. zinc, copper, molybdenum. Iron 
sulplude is also widely distiihutod hut diflicult to utUise com- 
nuToially. I he most important metals occurring as sulphates 
are lead and the alkaline earth elements (barium, strontium, 
calcium), magnesium, potassium. 

Iho more important carbonates are those of iron, zinc, copper, 
lead, calcium, magnesium, manganese, barium and strontium. 

'I’he chlorides are not very widely distributed except in the 
case of sodium, jiotassium and magnesium, the relics of old 
sea beds. Small quantities of silver chloride (horn silver) are 
found in nature. Of the metals occuring native, tho most 
important are the noble metals (silver, gold, the platinum group 
of elements), mercury, copper and arsenic. 


RllIiPARATION OF THE COMPOUNDS OF THE MeTALS 

Oxides and Hydroxides.—Tho oxides of tho metals are 
cither prepared by direct oxidation (e.g. lead), or by breaking 
down the carbonate, 

CaC03->Ca0 4-C0a. 

In such cases it is usually advisable to heat the carbonate in a 
diaught in order to keep down the partial pressure of the carbon 
dioxide. Oxides are also prepared by dehydrating the hydroxides, 

Ca(0H),-H,0->Ca0. 
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but this method fails for the oxides of the alkali metals, as 
does that of decomposing the nitrate by heat. Where a metal 
forms more than one oxide it is not always possible to form all 
tlie oxides by the means indicated above. Occasionally, however, 
different oxides can be prepared in the direct way by varying 
the temperature and the pressure of the oxygen. The h^/droxid^s 
are obtained by double decomposition of a salt witli a soluble 
liydroxide, except in the case of the alkalies and alkaline earths. 

CuSO* +2NaOH^ Cu(OH), T + Na.SO,. 

The hydroxides of the alkalies and of barium are fairly freely 
.soluble, and, if prepared by the above means, must be obtained 
from the filtrate by evaporation, 

Na^COa + Ca(OH)2^2NaOH-f CaC03 'I' . 

The tenacity with whieli the elements of water are retained by 
the various hydroxides varies exceedingly. The hydroxides of 
the alkalies resist even a red heat, wliilst at the other extreme we 
have the hydroxides of silver and mercury, which <lecompose 
into the oxifle at onlinary temperatures. Between these extremes 
lie the hj’droxides of such elements as tin, lead, which can be 
fractionally dehydrated, e.g. Sn(On)«, H^SnO,. 

Sulphides.—A variety of methods is available, either tho 
direct union of the elements under tho stimulus of Iieat, or tho 
action of hydrogen sulphide or other soluble sulphide upon an 
aqueous solution of a salt, or the reduotion of the sulphate with 
carbon. The only soluble sulphide.s are those of the allvali metals, 
though even these are much hydrol^’scd, 

Na^S + HOH ^ NaOH -f NaUS. 

The sulphides of the alkaline earths are only slightly soluble, 
though progressive hydrolysis into tho hydrosulphido and 
hydroxide ultimately leads to their solution, 

2CaS + 2HOH ^ Ca(HS) > + Cu{OH),. 

Other sulphides are practically insoluble. 

Chlorides.—Tho method of preparation varies according to 
whether one desires to prepare the anhydrous or tho hydrated 
salt. If tho former, it is usual to start from tho elements 
themselves, or from the oxide, carbon and chlorine. Many oxides 
are not attacked by chlorine, but if tho oxide is heated with a 



400 


AN INORGANIC CHEmSTRY 

roflucing ngont, the metal at the moment of liberation combines 
with the cjilorino to form a chloride, 

AI 3 O 3 + 3C + 3Cl3^2AICl3 + 3CO. 

Chlorides containing water of crystallisation are generally 
obUincd by wet methods, e.g. the solution of the carbonate 
in iiydrochloric acid, followed by evaporation. To obtain the 
anhydrous salt from the Iiydrated chloride requires more than 
heat. Magnesium chloride. MgC4.6H,0. leaves an oxychloride 
on heating. The formation of such an oxychloride arises from the 
hydrolysis of the chloride, the hydrochloric acid produced thereby 
being expelled owing to its volatility. In such cases it is usua. 
to heat the hydrated eubstanoc in an atmosphere of hydrogen 
chloride, whereby the hydrolysis is cfTectively i>rcvented. 

It is interesting to note that the hydrolysis of the chlorides 
increases with the valence of the cathion ; tin and lead tetra¬ 
chlorides are practically completely hydrolysed in aqueous 
solution, thallic chloride (TICI 3 ). auric chloride (AUCI 3 ). aluminium 
chloride (AICI 3 ) appreciably so, the chlorides of the divalent 
metals comparatively little excejit in the case of zinc and stannous 
compounds, the allrali chlorides not at all 


Electuode Potentials of the Metals 

If a piece of zinc is placed in a solution of copper sulphate, 
the reaction 

“h CuSO* —>■ ZnSO* -f- Cu 

at once occurs. From the ionic point of view, we may write: 

Zn +Cu*+ -^2n*+ H-Cu. 

If this experiment is carried out in the usual way, the reaction 
IS attended by the evolution of heat, but by spaciaUy separating 
the reactions Zn+ 2 e-^Zn,^^ and Cu ++-^Cu+ 2 e, it b 

J;® g^'i^rate an electric current in lieu of this thermal 
ellect. This can be effected in the apparatus shown in Fig. 118. 

In A IS placed a saturated solution of zinc sulphate, in 5 a 
saturated solution of copper sulphate, the two vessels being 
connected by means of a syphon filled with a solution of sodium 
sulphate^ Zme and copper electrodes are placed in the vessels. 
A and B respectively, and connected to each other through an 
ammeter. When the circuit is completed, a current flows. 
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The net result is that zinc passes into solution in the vessel A 
with the formation of zinc sulphate, i.e. Zn+20— 
whilst in /? copjwr sulphate is decomposed and copper deposited 
upon the copper electrode, —>-CuH-20. This is the 

essential chemical reaction of what b known as the Daniell cell. 
The chemical energy available, i.e. the difference between the 
heats of reaction of the copper and zinc sulphates, has been 
converted into electrical energy. Strict proportionality between 
the electrical and the available chemical energy is only found in 
exceptional cases like the above. For further treatment of this 



subject the student must consult a text-book of electro- or of 
physical- chemistry. 

The question must now be answered as to why zinc is able to 
displace copper from its solutions, what other elements are able 
to do this and under what conditions. In order to answer 
these questions, one must consider what happens when a metal 
IS placed in a solution of its salt. Nemst was the first to put 
forward the view that, when a metal, o.g. zinc, is placed even 
in W’ater, there is a tendency on the part of the metal to send 
positive ions into solution, thereby itself acquiring a negative 
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tlu between 

Tl.is ten.ienoy of the metal to ionise is often known as its 

a salt of the metal, there w,ll be a definite tendency on the part 
of the ions to precipitate themselves upon the metal i e the 

the metal. It is evident that three cases are possible for the 
■solution pressure may be greater than, equal to, or less than the 

If the solution jiressure is exactly equal to 
the osmotic pressure, the potential difference between meUl and 
solution will be zero. If, however, the solution pressure eveeeds 

tt mela “"goosium, the alkalis. 

On the n/r negative charge, the solution a positive. 

On the other hand, if the solution ,)re.ssure is less than the 

osmotic pressure the metal will become positively charged and 
the layer o .solution in contact with it negatively charged 
Should a ce 1 be constructed on the lines indicated Jiovc such 
hat one metn is negatively charged, the other positively charged 
. IS evKient that there is every potentiality for the parage S a 
steady current if the circuit is once completed. ^ ® 

denends™''^"“'i'“ P®'""*'*’ diference at each electrode 

an O upon two factors, the solution pressure of the metal. 

oiuiitions IS defined so far as the solution is concerned, wo sliaU 

Ln^srPor th ''"' tendency of that particular metal to 

TxSv Tne ° Comparison, solutions which contain 

Teh iCi P" '‘a'« been chosen, 

normal i * t'' than ordinary equivalent 

Riven bv°tho°"^' tbe potentials 

EoL ?n ,'“P'>'-'a“t “otals in their normal ionic 

lolen^al potential indicates 

LnTs'"t'] ’ "PP^^ eleetronrgative 

elements, the non-metals as electropositive. ^ 

oxpro^^dTn vcl.'^a' ‘"e solution is 

level, to do work is monsxir^cd by the elnr/1® ^ ^ 

of electricity to do work ia ineasured bv thl wt. xA ; the capacity 
triclty X tho pot4>niiul cliffnrnnf.A i A ^ if quantity of oloc- 

joulei Potential «"ergy m 

flea level at which one has water storeT' to Uio height above 
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TABLE 49 


Potoivsium . . . 

-2 9 

Tin 


• 

+ 0-1 

Sodium .... 

—2-5 

Lead . 

• 


+ 0 12 

Buriuiu .... 

-2 4 

HytJro^jcn 

• • 

# 

+ 0277 

Strontium 

-2-3 

Coppor 

• ■ 

• 

+ OG0 

Calcium .... 

-10 

Arson ic • 

• • 


+ t)(J 

Mugnc-sium 

-1-5 

Hismuih . 

. • 

9 

+ 0-7 

Zinc . 

— ()-.50 

Mercury . 

9 


+ 102 

Iron . 

-0U7 

Silver. 

9 • 

• 

+ 1 04 

Cobalt .... 

+ 0045 

Platinum . 

« 


+ 12 

Nickel ... 

+ 0 05 

Gold • , 

. « 

• 

+ 1-4 

A similar series has 

been proj)arcd for 

the more 

important 

anions, though in this 
in order to enable the 

case various devices have 
reaction 

X-^X + 0 

to be adopted 


to be measured. In many cases, c.g. oxygen, electrodes of 
platinum in which the element is soluble, arc used. 


TABLE 50 

Fluorine .... +2-21 Iodine .... -f’0'00 

Chlorine .... +108 Oxygen .... +0 G7 

Bromine . . . . +1-37 

A consideration of Table 49 throws into prominence the 
eleetro-afiinity of the elements and shows that, of all the metals, 
the alkalies display the greatest tendency to ionise, the noble 
elements (gold, platinum) the least. If a cell bo constructed 
of two metals, e.g. zinc and silver, each in contact with a 
solution of its salt normal ionic in strength, the total electro¬ 
motive force of the cell Is given by the dillerence of the electrode 
potentials of the metals, and the positive current will flow 
through the cell from the zinc electrode to the silver ; its 
magnitude, expressed in volts, will be 

— 0-50 — ( + 1 04) = — 1 '54 volts. 

In view of the above considerations, it follows that, if a metal 
is placed in a solution of any salt derived from a metal occupying 
a position lower in the electrode potential series, c.g. magnesium 
in a solution of copper sulphate, the more noble metal (copper) 
will be displaced from the solution by the more electromotively 
active element, magnc.sium. In the same way, hydrogen, 
dissolved in platinum, will reduce silver nitrate to metalhc 
silver. The question of one metal expelling another from one 
of its dissolved salts receives a complete explanation from the 
standpoint of the electrode-potential series. The actual effect 
exerted on the magnitude of the potential by a change in the 
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concontratjon of the ions is not a great one. for Nernst lias shown 
tliat for monovalent ions a change in tlio concentration from 
N to N.'IO causes only 0-058 volt difference, for divalent ions 
0-058 , 

^ volt, etc. Of course, when a metal such as zinc is placed 

in a solution of a salt of another metal, e.g. copper sulphate, 
the potential of the zinc against the solution is a maximum, as 
the opposing osmotic pressure is at first vanishingly small. 

Electrolytic Decomposition—Its Application to 

Refining. 

If a solution of hydrochloric acid is electrolysed between 
platinum or other inactive electrodes, a galvanometer being 
in circuit, it is found that if the current is interrupted, an electric 
current which rapidly becomes weaker passes through the 
solution in a direction opposite to that of the first current. 
Ihis is known as the polarisation ciirrcfit, and the of 

this polarisation current is compounded of the discharging 
potentials of the cathion and anion. This polarisation current 
arises from the fact that the gases evolved at the electrodes 
convert the.se into hydrogen and chlorine electrodes. When 
the current is broken, the HjIHCIICIj cell sends a current in 
a direction opposing the original current. The minimum 
difTerence in potential necessary for the decomposition of an 
electrolyte is knoMii as the discharging potential. In order 
that continuous electrolysis may take place, the current passed 
through the cell must have an E.M.F. not less than the opposing 
E.M.F. of the polarising current. Since the E.M.F. of a cell 
is made up of the ])otcntials of the electrodes, the discharging 
potentials must also be made up of the same two potentials. 
Given the clcctrorle potentials of the cathion and anion of the 
salt concerned, we are thus able to calculate the necessary 
E.M.F. required to electrolyse the solution, e.g. a normal 
ionic solution of copper sulphate can just be electrolysed by 
a current of -|-0-60—(+2*2)= —l-CO volts; for zinc sulphate, 

0-50 (-E2*2)= —2-70 volts. If the solution contains salts 
of more than one metal, e.g. copper and zinc sulphates, seeing 
that the discharging potential of copper sulphate is —1-60 volts, 
of zinc sulphate —2*70 volts, it follows that the metal ions may 
be fractionally precipitated on the cathode. A current with 
an E.M.F. slightly in excess of l-fiO volts will precipitate the 
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whole of the copper, and an increase in the E.M.F. to a value 
above —2-70 volts will deposit the zinc. 

It may again be mentioned that the exact value of the 
discharging potential is dependent not only upon the solution 
pressure of the metal, but also upon the osmotic pressure of the 
the latter effect is slight. An increase in dilution from 


ions 


1/10 to 1/1000000 normal (the limit of analytical determinations) 
^^1 cause an increase of less than 0’3 volt for a monovalent, 
and 0'15 for a divalent metal. The whole principle of electrolytic 
analysis and of refining is based upon the foregoing conclusions. 

It has been remarked that during the electrolysis of potassium 
silver cyanide, KAg(CN)j, potassium migrates to the cathode, 
the ion Ag(CN), to the anode, and yet silver is thrown down on 
the cathode. Con.sider the equation : 

ICAg{CN), ^ + Ag(CN)r 

Ag^ + 2C^- 


The actual amount of dissociation of the complex anion we have 
already found to bo extremely small. The positive current will 
therefore bo carried almost exclusively by the potassiuiu ions, 
but owing to the electrode potential of the |)otassium being very 
much greater than that of silver, the latter element, w’hich has 
partaken in the electrolysis to a very limited extent, will bo 
deposited from the solution. In short, all the ions present in 
the solution take part in the electrol 3 'sis, i.c. in the conduction 
of the current through the solution, but those ions will be 
liberated at the electrodes, the separation of which proceeds 
with the least expenditure of work ; the ions which have the 
lowest discharging potentials will be discharged first. 


Qukstions 

1. Compuro the behaviour of the alums and tho complex cyanides in 
aqiieoiu) solution. 

2. Explain what Is meant by complex salt, double salt. Illustrate 
your answer by examples. 

3. To a strong solution of cobalt chloride, potassium chloride is added. 
Discuss wliat happens. 

4. DcHne solution pressure, electrode-potential, jwlari.sation. 

6. During tho cloctrolj’sis of solutions containing potofwixim cupro- 

cyanidc, tho cathode becomes coated with a layer of cop|»r. How do 
you account for this ? . , , . . 

0. Explain fully what happens when (o) sodium chloride, (6) aluminium 
chloride is dissolved in water. 

7. Indicate general methods for preparing the metallic chlorides in an 
anhydrous state. 


H H 



CHAPTER XXXI 


GROUP lA : THE METALS OF THE ALKALIES 

The cloiiionts of this group—lithium, sodium, potassium, 
rubiclium and caesium—afford an excellent example of that 
gradation in physical and chemical properties which Mendel<k‘ff 
has correlated with tlic cliange in the atomic weight of the clement. 
This is shown in Table 61 : 


TABLE 61 

Physical and Chemical Phopeuties of the Alkalies 


lUlal. 

M( Ilium. 

Soillmn. 

PotASslum. 

1 

Rubidium. 

Caesium. 

Atomic weisht 

no 

23 0 

391 

85-4 

132-8 

Sp. gr. ... 

0 -.‘.34 

0 971 

0861 

1 -532 

1-87 

Atomic volume . 

13 1 

23-7 

4.5-4 

55-8 


Molting point 

I8«i® 

97* 

62 5* 

38-5* 

26-5* 

Boiling point . . 

1400* 

877-S® 

700* 

696* 


Sp. heut . 

0 041 i 

0 293 

O-IGO 




tncrcx^' in reactivity of the inoUil an<l in the basic properties of the oxlJc auil hydroxltie 


The alkali metals show a steady increase in reactivity with 
rising atomic weight. Thus the temperature attained during 
the reaction between lithium and water is not sufficiently high 
to cause the hydrogen to ignite, whilst caesium reacts with almost 
explosive violence. The metals all give the group oxide, M-O. 
and under certain conditions the peroxide MjOj or M 2 O 4 is also 
produced. Hydrogen reacts with all the members of this 
sub-group, forming definite crystalline hydrides. These hydrides 
decompose in water, producing the hydroxide and hydrogen. 
The hydroxides are strong bases in aqueous solution, due to their 
wide dissociation. Lithium hydroxide is the least dissociated 
and the least active of these bases. The hydroxides show great 
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resistance to heat, and are the only hydroxides kno^m which 
are not dehydrated by heat; and so with their carbonates, that 
of lithium alone losing appreciable quantities of carbon dioxide 
at 800®. The carbonates as well as the phosphates are freely 
soluble in water, with the exception of lithium, which again 
shows properties more in common with those of the alkaline 
earth elements (Group 2a). In general the salts of the alkalies 
are soluble in water, and with few exceptions (notably iluoridcs 
and carbonates) the salts of sodium are more soluble than those 
of potassium. 

Sodium, Potassium 

The salts of sodium are widespread. They are found in the 
sea as 60 {lium chloride, in many old salt beds, as Chili saltpetre 
(NaNOj) and as a constituent of many rocks and minerals. 

Potassium is found in the salt dcpo.sits as chloride (sylvinc), and 
as camallite (potassium magnesium chloride, KCl.MgClj.CHjO), 
as a double sulphate (schgnite, KjS 04 ,MgS 04 , 6 H, 0 ), also in 
the potash felspars, in land plants and in sheep’s wool (suint, 
an oily sweat on the skin). 

Isolation of the Metal.—Although it had long been felt 
that sodium and potassium hydroxides should yield a metal on 
decomposition, all efforts to prove this failed until H. Davy 
(1807) hit upon the idea of passing an electric current through 
the fu.sed hydroxide. Aqueous solutions of the hydroxide he 
had already found gave on electrolysis hydrogen and oxygen, 
the elements of water. Davy’s inspiration to electrolyse the 
molten sodium and potassium hydroxide gave the desired result, 
small metallic globules rising to the surface and burning brightly. 
He exposed a piece of the solid hydroxide to the atmo.sj)here in 
orrler that a film of moisture might bo collected on the surface. 
The moist hydroxide was then placed upon a disc of platinum 
connected to the negative polo of a battery, and a platinum 
wire, connected to the positive pole, was made to touch the 
hydroxide. A vivid action took place, especially round the 
positive pole, while little globules separated round the negative 
pole. As Davy says, “ Some of these globules burnt with 
explosion and bright flame, as soon as they were formed, and 
others remained, and were merely tarnished, and finally covered 
by a white film which formed on their surface. These globules 
numerous experiments soon showed to be the substance I was 
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in scarcli of. and a peculiar inflammable principle, the basis of 
potash. ’ 

At j)resent a modification of Davy’s method forms the com¬ 
mercial metljod of manufacturing sodium. In the CaMner 
l^roccss the molten sodium hydroxide is contained in the pot A 
(Fig. 119), which can bo heated by ring burners, B the cathode, is 
eapp(‘d by the vessel A’, to which is attached a wire gauze screen. 
The temperature must be kept about 315-320®. During the 
eleetrolysis the molten .sodium collects in E, while the hydrogen 
also liberated at the cathode is allowed to escape. Oxygen 
e.scaj)es from the anode. Sodium may also be prepared by the 

eleetrolysis of fu.sed sodium chloride 
using a molten lead cathode. The 
ri'sultant .soilium-lead alloy is then 
made the positive pole of a cell similar 
to Fig. 119, the (“leetrolyte being fu.sed 
sodium hydroxiile. During the clec- 
as much sodium enters the 
electrolyte at the ano(ie as is discharged 
at the cathode. 

Potassium is ])repared by electrolysis 

of fused hydroxide in a cell similar to 
% 

that used for the manufacture of 
sodium, as well as bv means of a 

V 

suitable reducing agent. 

Fio. 119. K ,CO 3+2C^2K d- 3CO. 

riiere is, however, considerable danger in, the use of this cheap 
reducer tjuantities of an explosive compound, potassium 
carbonyl, K^CeOo, are formed unless the potassium vapours are 
very rapidly cooled. The improved Castner method is based 
upon the use of iron carbide as reducer. Iron iilins's and pitch 
are first heated together, and then the carbide (FeaC) is used to 
reduco potassium hydroxide. 

Properties. Both elements are silvery white, lustrous metals, 
which are readily oxidised by the air. In order to prevent this 
oxidation, they are always kept under a layer of petroleum. 
Sodium, the less active of the two, melts at 97°, potassium at 
62-6 , \\ ith water vigorous action occurs, producing the hydr¬ 
oxide and hydrogen. This reactivity is shown by their-ability 
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to reduce carbon dioxide with the formation of carbon and a 
carbonate. Both elements combine violently with sulphur 
and the halogens. The salts of these metals impart a character¬ 
istic colour to the Bunsen flame, the sodium salts an intense 
5 'ellow, the potassium salts a violet tint. Potassium has few 
commercial uses, but sodium is used extensively in the manu¬ 
facture of sodium cyanide, sodium peroxide, as well as in the 
manufacture of many azo-dyes. Both sodium and potassium 
form characteristic amalgams with mercury. These are definitely 
crystalline substances and have all the properties of definite 
chemical compounds, such as fixity of compo.sition. Both 
metals dissolve in liquid ammonia, but when treated with gaseous 
ammonia in the neighbourhoo<l of their melting points they form 
amides, c.g.: 

2XH, -f- 2Xa-^ 2NaNH, + H,. 

Sorlarnido. 

2NH3 + 2K-^2KNH, + H,. 

Potassamtde* 

These substances decompose in the presence of water, yielding 
the hydroxide and free ammonia. 

Hydrides.—The hydrides are formed by passing hydrogen 
over sodium or potassium, heated to about 330°. A white 
crystalline substance is obtained, from which any unreacted 
metal may be removed by treatment with liquid ammonia. 
These crystals have a perfectly definite composition, KH or 
NaH ; they are decomposed by water, forming the hydroxide 
and hydrogen. 

NaH + H,0->NaOH -f H,. 

Oxides.—The group oxide, K,0 and Na,0, may bo prepared 
by heating the nitrate with the metal, 

2KNO, + lOK^CKjO d-N,. 

The oxides combine with water with avidity, forming the 
hydroxide. In a more or less impure form the oxide may also 
be obtained by heating the metals in a limited supply of air, but 
considerable quantities of the peroxides are also formed. 
Potassium oxide has been prepared in a pure state by the incom¬ 
plete oxidation of the metal in an atmosphere of dry oxygen 
at a low pressure, followed by the distillation in vacuo of the 
unreacted metal. Lemon yellow crystals are left. 
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Peroxkles.— peroxide is prepared by heating sodium 
to 300-350® in a stream of dry air, freed of carlion dioxide. The 
compound, pre])ared in this way, is yellow and is very resistant 
towards heat. It is prepared on the large scale by passing 
sodium, heaped upon trays, through tubes maintained at a 
temperature of 300-500®. The peroxide is very stable in the 

absence of moi.sture, but, when it is treated with water, vigorous 
reaction takes plaee. 

2NajOa + 2H20^4Na0H + 0,. 

If the temperature is kept low, and especially if an acid be 
present, hydrogen peroxide is formed. If anhydrous sodium 
peroxide is exposed to the action of air, freed from carbon dioxide 
a stable hydrate, Na^O^SH.O, is produced. These white crystals 
dissolve in water witliout the evolution of ox^'gen, provided the 
temperature docs not exceed 30®. 

Such solutions can even be used for the rccrystalUsation of the 
hydrated peroxide, as well as for the preparation of hydrogen 
peroxide. Sodium peroxide finds frequent use commercially 
as a strong oxidising agent, also in analytical separations. 

Potassium peroxide, K^O,, can be obtained as a yeUow mass 
when potassium is burnt in the air. It decomposes water, 
forming the hydroxide, hydrogen peroxide and oxygen. It is 
reported that the peroxides, K^O,, and K.O*, have been 

prepared by the action of oxygen upon a solution of potassium 
in liquid ammonia. 

Hydroxides.—Two methods are available for the preparation 
of the hydroxides, the purely chemical method and the electro¬ 
lytic, the latter of which is steadily displacing the former. 

The chemical method is based upon the reaction: 

Ca(OH)j + K.COj CaCOa i -f 2KOH. 

Calcium hydroxide, suspended in water, is run into a boiling 
solution of the carbonate of potassium (sodium) contained in 
large iron vessels. The product (Ca++){C 03 -) far exceeds the 
solubihty of calcium carbonate, and this salt separates out. 
The steady mcrease in the concentration of the OH" ions from 

the dissociation of the alkali hydroxide formed, exerts an influence 
upon the equilibrium : 

Ca(OH )2 Ca(OH) j Ca+ + -|-20H^ 

Solid. Dissolved. 
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driving it to the left, i.e. as the solution becomes richer in 
potassium hydroxide the concentration of the Ca' ' ions fallsoff, 
until it falls so low that the solubility product of CaCOj is no 
longer exceeded, and the reaction ceases. This is equivalent to 
saying that the solubility of calcium hydroxide in caustic jH)tash 
is no greater than the solubility of calcium carbonate, and so the 
driving force responsible for the conversion of the calcium 
hydroxide into the calcium carbonate becomes zero and the 
reaction slows down. In order to overcome this disadvantage 
the operation is sometimes carried out in dilute solution, but a 
more economical method is to work with fairly strong solutions 
of sodium or potassium carbonate and recover the unchanged 
alkali carbonate from the filtrate. A great deal of commercial 
caustic soda and potash is prepared in this way from the sodium 
carbonate obtained by the Le Blanc method (q.v.). 

Considerable quantities of pure sodium hydroxide are obtsiinod 
by heating to redness iron oxide and sodium carbonate prepared 
by the Solvay soda-ammonia process. The resiilting sodium 
ferrite Ls raked out and lixiviated. Practically pure sodium 
hydroxide can be prepared in this w’ay : 

Na.CO, + Fc, 03 ^ 2 NaFc 0 , -f CO, 

2NaFeO, + H,02NaOH + Fe,0, i 

The great progress of recent years in the alkali industry centres 
round the electrolysis of aqueous solutions of the chloride. If 
an aqueous solution of sodium chloride is electrolysed between 
inactive electrodes, hydrogen is liberated at the cathode, chlorine 
at the anode, while the solution round the cathotle becomes 
alkaline owing to the formation of sodium hj’droxide. This 
arises from the migration of Na^ ions towards the negative 
polo where their positive charge is neutralised, and the liberated 
sodium then reacts wth the water, Na*—>-Na+0, where 0 
denotes one Faraday of electricity, 96,540 coulombs, 

Na + HOH NaOH + H, 

while at the anode the reaction Cl“—>“C1+© takes place. 
Another reaction is, however, also possible—the chlorine round 
the anode may diffuse through the liquid and react with the 
cathodic liquid, sodium hydroxide, producing hypochlorite and 
chlorate {q.v,). In order, then, to procure sodium hydroxide 
from the electrolytic decomposition of sodium chloride, it is 
necessary to prevent the chlorine from diffusing into and n'acting 
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^nth the sodium hydroxide. In many technical cells this is 
effected by means of a diaphragm, the great disadvantage of 
whicli lies in the increased resistance offered to the electrolysis. 
In the Grieshcim cell, used for making both potas.sium and 
sodium hydroxide, a number of cement boxes (acting as dia¬ 
phragms) arc placed in a rectangular iron box. The anodes 



"uM X placed witliin the cement boxes 

whilst the iron box forms the cathode. The whole cell is steam 

jacketed. The great advantage of this cell is its simpUcity of 
workmg (Fig. 120). ^ 

A different method is adopted in the Solvay ceU for preventing 



interaction between the products of electrolysis. The coU 
consists of a large rectangular trough through which flows 
a steady stream of mercury and of brine. The current enters 
the ceU through carbon or platinum anodes, the mercury 
forming the cathode. The sodium ions, on their discharge at 
the cathode, form an amalgam with the mercury. The rate of 
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flow of the mercury is so adjusted that the amalgam is of tlie 
desired strength when it leaves the cell. After removal from 
the cell the amalgam is decomposed in a se])arate vessel, 

Ilg^^a^ -f -> yNaOH + J/H + J-lIg 

and the mercury is retunicd to the cell (Fig. 121). 

Potassium hydroxide may be prepared by tlie same means. 

In the Acker process molten sodium chloride forms the 
electrolyte, molten lead the cathode. The lead-sodium alloy is 
decomposed by the action of steam and the lead utilised again. 

The hydroxides, both of potassium and of sodium, find con¬ 
siderable commercial application, especially in the manufacture 
of soaps. Both hydroxides are characterised by their affinity 
for water and for carbon dioxide. The aqueous vapour pressure 
for solid potassium hydroxide is so low that the solid rapidly 
liquefies, owing to the absorption of acjucous vapour from the 
suiTounriing atmosphere. Solutions of tlieso hydroxides are 
frecpiently used in the laboratory for the absorption of carbon 
dioxide. In nearly all cases sodium hydroxide is just as effcctivo 
a reagent as the potassium compound. It is also much cheaper 
and less of it is required, e.g. for the precipitation of an insoluble 
hydroxide. 

CuSO* 4- 2NaOH->Cu(OH), + Na.SO, 

CuSO* + 2KOH->Cu(OH), + K.SO, 

Thus 159 gm. of copper sulphate are exactly precipitated by 80 
gm. of sodium hydroxide [2 x(23 + 16-} 1)=80], while 112 gin. 
of potassium hydroxide are required to produce the same effect 
[2 x(39 + 1G4 1) = 112]. 

Chlorides.—Both chlorides occur widely in nature. 
Sodium chloride (rock salt) is generally in a rather impure state 
and it must be purified by rccrystallisation. Impure specimens 
of sodium chloride are distinctly deliquescent, due to the presence 
of small quantities of magnesium chloride. In order to remove 
this the solution is treated with sodium carbonate, when insoluble 
magne.sium carbonate is precipitated and removed by filtration. 

Very pure sodium chloride may be prepared by the action of 
hydrogen chloride upon a saturated solution of sodium chloride 
{$ee p. 151). 

Potassium chloride is obtained in large quantities from carnallito, 
KCl;MgCl„6H,0. This salt is crushed and digested in large 
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tanks with the mother liquor left from preceding operations, 
and containing sodium and magnesium chlorides. The 
magnesium sulphate also present in the carnallite (25 per cent.) 
and most of the sodium chloride (12 per cent.) remain undissolved. 
From tlie liquor, saturated with carnallite, there is deposited on 
cooling crystals of potassium chloride, followed by a deposit of 
carnallite itself. The potassium chloride is recrystalliscd while 
the carnallite is put through the vats again. 

Both elilorides are anhydrous and belong to the regular (cubic) 
system. At 25® there is little diflerence in their solubility in 
water, NaCI 3G gm., KG 35-5 gm. per 100 c.c. of water, but at 
100 potassium chloride is much more soluble (NaCl 391, KCl 56-6 
gm.). Potassium chloride is also slightly more volatile. The 
importance of these chlorides from the commercial point of view 
IS inestimable as they form the starting point of nearly every 
salt of potassium and sodium. 


Bromides and Iodides.—The bromide and iodide may bo 
prepared by the action of the corresponding acid upon tlie 
hydroxide or carbonate. They may also be obtained by the 
action of hroinmc or iodine upon the hydroxide, e.g.: 

6KOH + 3Br,^ 5KBr + KBrO, + 3H,0. 

After evaporation, the residue is heated either with or without 
carbon to convert the oxy-salt into the halide. 

Urge quantities of potassium iodide are also made from iron 
lodulc hoalj. This is formed by rubbing together iron filings 
and iodine under water, with subsequent treatment with iodine 
to convert the ferrous iodide first formed into the ferro-ferric 
iodide. The ferro-ferric iodide is then treated with a solution 
of potassium carbonate, when the foUo™g reaction takes place ; 

Fojlg + 4 K,C 03 -^ Fe.,0* + 8KI + 400,. 

Sodium and potassium bromides are used medicinaUy as weU as 
m the preparation of photographic plates. 

Polyiodides and Polybromides.— Solutions of potassium 

iodide are able to dissolve relatively large amounts of iodine, 
forming deep brown solutions. Such solutions give aU the 
charactensUo reactions of free iodine, but the actual isolation 
of certain polyiodides leaves no doubt that such solutions of 


SODIUM, POTASSimi 475 

potassium iodide and iodine are represented by the equilibrium 
equation 

KI + I,^KI,. 

This is supported by the fact that, if iodine is added to a solution 
of potassium iodide, practically no change in the freezing point 
of the solution is produced ; the interpretation of which expen- 
ment leads to the postulation of a complex molecule, so that no 
actual increase in the number of molecules present in the solution 
is produced. If a solution of sodium thiosulphate or other 
reagent which reacts with iodine is added to the brown solution 
of iodine and potassium iodide, immediate reaction takes place 
and the whole of the iodine which has been added to the solution 
of the potassium iodide will react with the added reagent. This 
is due to the fact that as soon as iodine is removed from the 
system by the action of the thiosulphate, etc., the above 
equilibrium is upset and more iodine is set free, and so on tUl the 
whole has reacted. A heptiodide, KI 7 has also been isolated. 

Potassium bromide also shows a tendency towards the 
formation of such jK>lyhalides. Sodium halides possess this 
property to a very minor extent, though wo shall see that both 
rubidium and caesium give such compounds. Investigation has 
sho^vn that the stabUity of these poIyhaUdes increases with the 

atomic weight of the alkali. 

Fluorides.—Sodium and potassium fluoride are obtained 
by evaporating the hydroxide or carbonate with an excess of 
hydrofluoric acid in a platinum dish. The sodium salt is also 
prepared from cryolite, NujAlF#. This mineral is treate<i w’ith 
an excess of sodium hydroxide, when the diflicultly soluble 
sodium fluoride is left behind. Potassium fluoride is much more 
soluble than the sodium salt. Both fluorides form an acid salt 
KHF„ NaHF,. These acid salts afford a ready method of 
preparing hydrogen fluoride, for thU gas is evolved on heating 
strongly. The occurrence of these acid salts, coupled with the 
abnormal solubility of the fluorides, the solubility of which lies 
intermediate between that of the bromide and iodide, is held to 
support the view that the fluorides possess the double formula 

K,F., Na,F,. 

Carbonates.—jSTodium carbonate ia obtained almost oxolu- 
eively from sodium chloride, the older method of obtaining it from 
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the ash of seaweed having ceased to possess commercial 
unportance. 

OwiiigMo the diOicuIty of obtaining supplies of this necessary 
commodity during tlie Na])oleonic wars, a prize was offered by 
the Irench Academy in 17<)1 for the discovery of a suitable 
method for converting sodium chloride into the carbonate. As 
a result of tliis, tlie Le Blanc process, which is still in use was 

developed. In this method the sodium chloride is first treated 
with sulphuric acid in cast-iron pans. 

NaCl + IRSO, NaHSO, + HCl. 

The hydrogen chloride is led through condensing towers down 

whieh water percolates, thereby forming hydrochloric acid 

The solid mass of bisulphatc and unchanged chloride is then 

raked on to the hearth of a reverberatory furnace and heated 

strongly. Decomposition ensues, and sodium sulphate, known 
as salt cake, results : ^ 


NaHSO, +NaCI->Na 2 S 04 -f HCl. 

Salt cake contains rougl.ly 95 per cent, of sodium sulphate. 

Ihe ne.xt s^tage in the operation is to licat the salt cake with 

limestone and coke. The reaction proceeds really in two distinct 
Stages : 

Stage I : Na ,,SO, + 2C ^ Na ,S + 2CO. 

Stage 2 : Na,S+ CaCO,->CaS+Na,CO,. 

The black residual mas.s, consisting of sodium carbonate. 

calcium suliihide. calcium oxide and other impurities, is known 
as black ash. 


The sodium carbonate is removed from black ash by the 
process of hxwialion. The coarsely broken up black ash is 
placed in a series of tanks provided with a perforated false 
bottom. Fresh water flows first upon ash which has already 
been nearly completely extracted. The liquid from this vat ^ 
syphoned upon the ash in the second vat, and so on. The object 
of the perforated bottom is to allow the concentrated solution 
of sodium carbonate to collect below the specificaUy lighter 
water It is the underlying concentrated liquor which is syphoned 
into the ne-xt compartment. The essential feature of the oper¬ 
ation IS that the partially exhausted black ash is extracted by 
fresh water, whilst the nearly saturated solution is brought 
upon the fresh black ash. In this way the minimum quantity 



SODIUM, POTASSIUM 


4 mm 
/ 

of water is required to dissolve from the black ash practically the 
whole of the sodium carbonate. A temperature of about 32-37^ 
is maintained as sodium carljonatc has its maximum solubility at 
this temperature. The heat of the furnaces is utilised for tlie 
concentration of the solution; crj'stals of tlie monohjdrate, 
NajCOj.HjO, separate out. The monohydrate is cither con* 
verted into the anhydrous salt by heat or rccrystalliscd at a 
temperature below 32® when the deca*hydrato, Na,COs,1011,0, 
is obtained. 

The waste products from the vats contain a considerable 
amount of calcium hydrosulplude, a substance which evolves h} - 
drogen sulphide on exposure to air. Several processes have been 
patented for the recovery of the sulphur from this waste, notably 
tliat of Chance. By this method use is made of carbon dioxide, 
whereby hydrogen sulphide is ultimately liberatetl and converted 
into sulphur by combustion in an insullicient supply of air. 

Ca(HS), -f- CO, -f HjO^CaCO, 4 - 2H,S f 
2H,S4-0,->2H,0 + 2S 

The method of U- Blanc is. however, stoadily yielding ground 
to the more modern and more edicient 2 >roccss of Solvay. 

In this process a saturated solution of ammonia in brine is 
first prepared by forcing ammonia through a tower down which 
brine i.s percolating over a series of baffle plates. After cooling, 
the saturated brine is then “ carbonated ” by percolation through 
a Solvay tower, meeting an upward current of carbon dioxide. 

The reaction 

NH 4 OH 4 -CO,->NH*IICO,. 
followed by the double decomposition, 

NH,HC0, + NaClNH 4 CI 4-NallCO,. 

sets in, and crystals of so<lium bicarbonate separate out. Tliese 
crystals are removed and heated in order to convert it into the 

carbonate. 

2NaHC0 3 -y Na ,C0, + H ,0 4- CO, 

The carbon dioxide liberated in this way is again available for 
a further cycle of operations. The mother liquor containing 
ammonium chloride is heated with lime to expel the ammonia. 
This gas is then put through the plant again. The raw products 
used in this process are both cheap—sodium chloride and calcium 
carbonate (limestone). The latter is heated in kilns, forming 
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the carbon dioxide required for the reaction, and also tlie lime. 

It IS to be note<l (hat in this i)roce.ss there is a niiniinum waste 

in tlH‘ b.nn of by-product. The process is a more economical 

metliod tlian that of Le Rlanc, and produces a much purer 
jiroduct. ^ 

Still another method is used for converting sodium chloride 
into the carbonate. During the electrolytic decomposition of a 
solution of this substance, as described in the preparation of the 
hydroxide (p. 472), carbon dio.xide is led through the cathodic 
liquid so that ultimately the liquid round the cathode consists 
of a mixture of sodium chloride and carbonate. The carbonate 
has then to be separated by evaporation and purified by re- 
crystalhsation. A more etticient variation of this method is by 
the action of carbon dioxide upon sodium hydroxide prepared 
by methods described for that substance. 

So far as the preparation of potassium carbonate or potash 
as It IS commercially called, is concerned. aU the methods 
described for the sodium salt hold good, with the exception of the 
bolvay process, which is rendered inaiiplicable by the great 
solubility of potassium bicarbonate. Potas.sium carbonate is also 
extracted m considerable quantities from sheep’s wool (suint). 
On scouring the wool, potassium sudorate passes into solution : 
this IS then evaporated and after calcination potassium carbonate 
remains and may be leached out. 

Small quantities are obtained from the molasses left in the 
extraction of sugar from beet. The molasses is fermented, the 
alcohol distilled off, the residue dried and calcined. The 
potassium carbonate remains. 

Knnlly considerable amounts of potassium eliloride are 
converted into the carbonate by the action of magnesium 
carbonate and carbon dioxide under pressure. 

3MgC0, + 2Ka + CO, + H.O 2MgKH(C0,). i + Mga.. 

The double salt rvhich separates out is broken doira by treatment 
With hot water. 


2MgKH(C03)a->2iVrgC03'|< +K,C03 + C 0 ,>^ +H 3 O. 

This method is fairly economical, inasmuch as the carbon 

moxido and the magnesium carbonate are both available for 
further use. 

Properties of the Carbonates. —The carbonates of these metals 
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are remarkably stable, and do not lose measurable quantities of 
carbon dioxide under a red heat. Both carbonates form alkaline 
solutions, due to hydr(jlysij<, 

Na.COj + 2HOII ;z^ 2 XaOH 4 - H.COs 

or, written ionically, 

CO 3 - + 2HOH HjCO, {- 20II-. 


The solubility curve of sodium carbonate shows two distinct 
breaks (Fig 122). 
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change in the heat of solution; that the heat of solution of any 
substance should change suddenly Ls highly improbable, but a 
sudden change in the composition of the solid phnst' would bo 
expected to show itself in a change in the heat of solution, and 
therefore in the slope of the solubility curve. This hy|>otlu*sis is 
found to be correct, for if one removes a sample of the solid in 
contact with the solution between the points C and D it is 
found to be the deca-hydrate NajCOj.lOHjO, between D and F 
it is the hepta-hydrate NajCOj.TH.O and between F and Q 
it is the monohydrate Na,C 03 ,H, 0 . Such sharp breaks in the 
solubility curve are of frequent occurrence and indicate the 
appearance of a new solid phase. The alkali carbonates have con¬ 
siderable application in industry, especially in the manufacture of 
soap and glass. Sodium carbonate, known also as washing soda, 
Na,COj.l0H,O, is used extensively for laundry purposes. 


Bicarbonates.—These salts ore made by the action of carl>on 
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(lioxido upon a concentrated solution of the carbonate, wlien tho 
loss soluhle hioarhonate crystallises out. Sodium bicarbonate is 
prepared on the conimereial scale by the Solvay soda-ammonia 
process ; also by the action of carbon dioxide upon crystals of the 
deca-carbonate spread upon perforated sheets. 

Na3CO3.10HjO d-COa-^SNaHCOj 
Tlie bicarbonates, even at the ordinary temperature, exert an 
appreciable dissociation pressure, and with rising temperaturo 
tlic loss of carbon dioxi<le iticrcases ra[)idly. 

2NaHC03— >-NaX’03 + ll^O+CO^ 

Aqueous solutions of these biearlmnates evolve carbon dioxide 
on wanning, a test not given by normal carbonates. Owing 
to the hydrolytic decomposition of these bicarbonates, 

NaUC 03 + HOH NaOH + HXOa. 

and the weak ionisation of the carbonic acid, such solutions 
react faintly alkaline in dilute solution, though concentrated 
solutions of potassium bicarbonate are practically neutral. 
Sodium bicarbonate is used in the manufacture of baldng powder. 
When it is mixed witli cream of tartar (acid potassium tartrate), 
an evolution of carbon dioxide takes place. This reaction 
exj)lains the chemistry of baking powder. 

Chlorates.—The chlorates of sodium and potassium have 
Jong been prepared by the action of clilorine upon an alkali 
hydro.xide, but recent tlevclopments in electrolysis have almost 
compleU'ly displaced tlu^ older process. In the electrolytic 
decomposition of sodium or potassium chloride the intermixing 
and interaction of tho products of the electrolysis are pro¬ 
moted as much as possible. At tho working temperature of 
the cell (70°) interaction between the chlorine and the hydr¬ 
oxide proceeds with groat velocity. If sodium chlorate is being 
prepared, the chloride is continually added to the cell until the 
solution is nearly saturated with the chlorate (up to 750 gm. per 
litre). The liquor is then run out and the chlorate separates 
on cooling. In the preparation of potassium chlorato, tho slight 
solubility of this substance soon leads to the saturation of the 
liquid, which is then drauTi off and allowed to crystallise. 
The mother liquor is re-saturated \vith potassium chloride and 
returned to the cell. Owing to the slight solubility of potassium 
chlorate, with its attendant difficulties, some manufacturers 
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prefer to make sodium chlorate and then convert this into 
potassium chlorate by treatment with potassium chloride. 

The applications of potassium chlorate are essentially associated 
with the strong oxidising action of the chlorate group. Thus, 
it is employed in the manufacture of matches, as well as in the 
preparation of fireworks. Sodium chlorate, owing to its some¬ 
what hygroscopic nature, finds no application when a solid 
oxidising agent is required. 

The action of heat upon potassium chlorate, producing first 
potassium perchlorate and then the chloride, has already been 
the subject of discussion {see p. 181). 

Hypochlorite.—Fairly largo quantities of sodium hypo¬ 
chlorite are now prepared clectrolytically as a bleaching agent for 
textiles, though such liquors are not sufficiently powerful for 
sewage treatment or other operations where a strong solution is 
required. The great advantage of the electrolytic bleaching 
agent is that the fabric is not exposed to the action of acid or 
alkali. Several processes are at work for the production of this 
product, but the reactions are essentially the same the electrolysis 
of brine at a temperature of about 21** under such conditions 
that reduction of the hypochlorite round the anode is prevented. 

Perchlorates.—The perchlorates are formed by the decom¬ 
position of the chlorates by heat, but the electrolytic oxidation 
of chlorate into the perchlorate is the present commercial method. 
A strong solution of sodium chlorate is electrolysed between 
platinum electrodes, and under suitable conditions of current 
density and of E.M.F. oxidation to the perchlorate takes place. 
As the sodium salt is deliquescent, it is converted into the 
potassium salt by the action of potassium chloride. Potassium 
jxjrchlorate finds use in the fireworks and explosive industries. 
Both perchlorates form rhombic crystals which are isomorphous 
w'ith the permanganates. 

Nitrates.—Sodium nitrate occurs in extensive deposits in 
Chili and Peru. The salt is leached out, and the solution evapor¬ 
ated in order to crystallise the sodium nitrate from its accompany¬ 
ing salts. Commercial saltpetre is used as a fertiliser as well os 
in the manufacture of potassium nitrate and of nitric acid, whilst 
the mother liquor obtained during the leaching and crystallising 
of Chili saltpetre is used for the preparation of iodine from the 
sodium iodate contained therein (see p. 160). 


II 
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Sodium nitrate is converted into the corresponding potassium 
salt by treatment witli jjotassium cliloride. A strong solution 
of Cluli saltpetre is treated with a solution of i)otassium chloride 
and sodium chloride at once separates out: 

KCl + NaN 03 ^KNOj + Nad i . 

By taldng advantage of the slight effect of temperature upon the 
solubility of sodium chloride and of the marked influence of 
temperature upon the solubility of potassium nitrate, it is 
possible to separate most of the nitrate in a moderately pure 
state. The mother litjuor, still containing more or less of the 
potassium nitrate, is further concentrated and another crop of 
cry.stals of potassium nitrate is obtained. 

The decay of organic matter, especially in hot countries 
(Bengal, etc.), also leads to the formation of potassium nitrate. 
In such countries, nitrifying bacteria, acting upon urea and other 
organic matter often present in the soil, convert the “ organic *’ 
nitrogen into nitrates. The soil soon becomes charged with 
the nitrates of calcium and potassium. These are leached 
out, potassium carbonate added to decompose any calcium 
nitrate present, and the filtrate containing potassium nitrate 
concentrated and crystallised. 

Potassium nitrate finds considerable use in the manufacture of 
giinpowdcr. Ihis substance contains about 75 per cent, of 
potassium nitrate, 10 ])er cent, of sulphur, 14 per cent, of charcoal 
and 1 per cent, of water. The chemical reaction which takes 
place when gunpowder is burnt, is supposed to bo represented 
by the equation : 

2 KNO 3 + S + 3C K jS + N, + 3C0,. 

The explosion is occasioned by the sudden liberation of a large 
volume of gas at a high temperature. 

When potassium nitrate is heated by itself, oxygen is evolved 
and potassium nitrite remains, hence its use as an oxidising 
agent. Sodium nitrate behaves similarly. Potassium nitrate 
is dimorphous, occurring as rhombic crystals and as rhombohedra 
(hexagonal) isomorphous with sodium nitrate. 

Nitrites.—The nitrites of the alkalies are easily obtained by 
reduction of the nitrate with lead or iron. They can also be 
formed by the electrolytic reduction of the nitrate. Sodium 
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nitrite is used extensively in the preparation of organic dye 
stuffs. 

Sulphates.—The manufacture of sofJium sulphate by the Le 
Blanc process has already been described. It is also a by-product 
in the manufacture of nitric acid from sodium nitrate. A 
certain amount of it is also obtaine<l from kieserite (MgSOj.HjO), 

MgSO* + 2NaCl~>Xa.SO. + MgCl^. 

On cooling the solution crystals of sodium sulphate are thrown 
out. 

Besides the anhydrous form a hepta-hydrate, Na,S 04 . 7 H, 0 , 
and a deca-hydrate, NajSOi.lOHjO, Glauber’s salt, are known 
{see Fig. 123 and p. 110). 



Potassium sulphate is found widespread, notably as schonite, 
MgS 04 ,K^S 04 ,GH, 0 : kainite, MgS 04 ,MgCl„K^ 04 ,CH ,0 ; and 
as glaserite, an isomorphous mixture with sodium sulphate. 
Technically it is used in considerable quantities in the preparation 
of alums {q.v.), of potassium carbonate by the Le Blanc method, 
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and as a fertiliser. Much of it is made from kainito and schdnito. 
Tlie latter is treated with potassium chloride in concentrated 
solution when the potassium sulphate crystallises out, leaving 
the freely soluble magnesium chlorule in solution. Potassium 
sulphate crystallises in the rhombic system. 

Bisulphatcs.—The bisulphates are formed either by the 
action of sulphuric acid upon the chloride, molecule for molecule, 

NaCl 4- H^SO^^NallSO, + HCl, 
or by the action of sulphuric acid upon the normal sulphate. 

K 2 SO* 4- HjSO^^ 2KHSO*. 

Both the bisulphates of potassium and of sodium give rise to the 
pyrosulphales on heating above 200®. 

2KIIS0*-H20-^K,SA. 

These compounds are also formed by the action of sulphur 
trioxido upon the normal sulphate. 

K2S04 4'S03^K,S,0,. 

Potassium pyrosulphate is frequently used in analysis to act 
upon silicates and oxides, thereby converting them into sulphates. 
At a red heat the pyro-salt liberates sulphur trioxide, the active 
agent in forming the sulphates. Sulphuric acid is in this case 
less efTicient as it cannot conveniently bo heated above 300®. 
The bisulphates react acid to litmus in aqueous solution, owing 
to the dissociation of the ion, HSO viz. : 

KHS04;=:±K+ 4 -H 8 O 4 - 4 -H+ 4-80^ 

CynnidGS.—Potassiurti ferronjanUle, K4Fe{CN)a,3HsO, is pre¬ 
pared from the “ spent o.xido ” of the gas works, used to remov'o 
the sulphur and cyanogen compounds from coal gas. This 
spent oxide is boiled with lime and the soluble calcium ferro* 
cyanide dissolved from the mass. On treatment with potassium 
carbonate the reaction 

Ca3Fe(CN)4 4-2K,C03^K4Fe(CN)4 4- 2 CaC 03 i 
takes place ; the insoluble carbonate is removed by filtration 
and yellow crystals of potassium ferrocyanide are obtained from 
the filtrate. It is also formed by heating together nitrogenous 
matter (horn, blood, etc.) with iron filings and potash. The 
mass is leached and after the evaporation of the solution crude 
potassium ferrocyanide separates out. 
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This salt is used analytically as a reagent for iron (q.v.). It 
is of interest because it gives all the reactions of potassium and 
none of the ordinary chemical reactions of iron. Migration 
experiments have established that its composition is such that 
the iron forms part of a complex anion, i.e. in solution the 
dissociation proceeds thus : 

K,Fc(CN)e^4K^ -f [Fe(CN)),p 

On treatment witli dilute hydrochloric acid, ferrocyantc acid is 
formed. It separates as a white powder. This acid is coiupar* 
able in strength with hydrochloric acid, liberating oxalic and 
acetic acids from their salts. 

The action of moderately strong sulphuric acid upon potassium 
fcrrocyanide with the evolution of carbon monoxide has been 
discussc<l {see p. 357). 

The older method of preparing potassium cyanide was by 
heating together potassium fcrrocyanide and potassium carbonate. 

K4Fe{CN)e + KjCO,->GKCN + + CO,. 

The product Ls impure as it always contains small quantities of 
the cyanate {q.v.). 

Another method of preparing potassium cyanide is by forcing 
ammonia through molten potassium carbonate in the presence 
of carbon. 

K,CO, + 2NH, + 4C-^2KCN + 3CO -f 3H,. 

The main use of potassium cyanide in industry is for dissolving 
gold and silver from their ores {q.v.), for electroplating and in 
photography. There is, a priori, no reason for using the 
potassium salt for these purposes, for it is the cyanide ion which 
is the effective agent in promoting the solution of gold, etc. 

Recently manufacturers have prepared a mixed cyanide by 
acting upon potassium fcrrocyanide with sodium. 

K 4 Fe{CN), + 2Na 2NaCN + 4KCN + Fe. 

This 8odium>potassium cyanide has all the solvent properties 
of the pure potassium cyanide itself, and less of it is required to 
effect the desired solution. Even this mixed cyanide, however, 
is being rapidly replaced by sodium cyanide, large quantities of 
which are prepared by the Castner process. Dry ammonia is 
passed over molten sodium in the absence of air, yielding sodaraidc. 

2NH, + 2Na 2NH,Na + H 
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The fused sodaiuide is treated with powdered coal and sodium 
cyanariiido formed. 

2NH ,Na + C Na ^CN, -f 2H 

At a yet higher toiiiperaturo the excess of carbon reduces the 
cyanamide to cyanide. 

Na^CNj + C^2NaCN. 

Potassium cyanide is very soluble in water, and very deli¬ 
quescent. The aqueous solution is alkaline and smells freely of 
hydrogen cyanide. 

K+ +CN- 4-H0H^K+ 4-OH--h HCN. 

Hydrocyanic acid is so weak that it is liberated from its com* 
pounds by the action of the carbon dioxide of the air. Potassium 
cyanide is a powerful reducing agent, -reducing oxides to the 
metal. 

SnO^ + 2K:CN - 5 .2KCNO + Sn. 

Cyanates.—These arc formed by heating the cyanide in the 
air or with a suitable oxidising agent. 

KCN + PbO —)-KCNO + Pb. 

Potassium cyanatc is a white crystalline powder, freely soluble 
both in water and in alcohol. Ammonium cyanate, NHiCNO, 
is of interest, for Wohler (1828), on evaporating a solution of this 
substance, found urea, 

NH, 

co/ 

^NHa 

an isomer of ammonium cyanate. This was the first synthesis 
of a substance which had hitherto been unknown outside the 
animal world, for urea had long been known to occur in the liquid 
excrement of animals as the chief product of decomposition of 
compounds of nitrogen in the animal body. 

Thiocyanates are obtained by oxidising the cyanide with 
sulphur. 

KCN-fS-^KCNS. 

They are very deliquescent and are used analytically as reagents 
for ferric iron, with which they give a bright red colouration 
(see p. 204). 
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Persulpliates and Percarbonates.—The preparation of the 
prrtiulj)hates as well as their more important properties have 
been discussed under the heading of persulphuric acid ( 7 . 1 ’.). 

It is reported that, if a saturate<l aqueous solution of potassium 
carbonate is electrolysed at a temperature between — 10 ^ and 
— 15°, and the anodic liquid evaporateti, a bluish white powder 
separates out of the comi>osition, K 2 C 20 «. The yield is improved 
by employing a concentrated solution, and a high current density, 
i.e. a small anode and a high current, to facilitate the crowding 
together of the KCO"^ ions round the anode. Potassium 
IH*rcarbonato possesses well-marked oxidising properties. With 
dilute acid it liberates hydrogen peroxide so tliat it can be used to 
replace this agent in such reactions as the bleaching of indigo, 
oxidation of chromic salts to chromates, etc. Ihecorrespontling 
sodium percarbonate is less well knonm and has probably not 
yet been isolated in the pure state. 

Sulphides.—The action of hydrogen sulphide upon potassium 
and sodium hydroxides leads first to tlie formation of the 
hydrosulphide. 

KOH + H,S ^ KHS +11,0. 

Evaporation leads to the separation of crystiils of the hydrated 
hydrosulphide, 2KHS,HjO. The normal sulphide is prepared 
from a solution of the hydrosulphido by the addition of the 
hydroxide. 

NaHS + NaOH ^ Na^S + H,0. 

Owing to the extensive hydrolysis of the normal sulphide an 
excess of the hydroxide is advisable in order to force the 
equilibrium to the right before evaporation. Crystals of the 
pentahydrate separate out. The sulphides are also formed by 
the reduction of the normal sulphates by means of carbon or 
hydrogen. Solutions of the sulphides take up an excess of 
sulphur very readily, forming yellow solutions, from which 
various polysulphidea may bo isolated, KjSa, KjSj, KjS,, etc. 
Sodium sulphide is used technically in the tanning industry to 
promote the removal of hair from hides. 

Sodium Thiosulphate,—Some of the methotls of preparation 
of this compound, as well as its more important reactions, have 
becQ dcscribod under the headings Thiosulphuric Acid (p. 8)* 
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It is also occasionally made by the oxidation of sodium hydroxide 
with sulpluir : 

6NaOH + VlS-^'NaSzO, + 2Na,Sj +3HjO. 

It is also prepared from the Le Blanc tank waste containing 
CaS. This is partially oxidised in solution to the thio-salt 
wliich is then treated with sodium carbonate, 

CaS, 03 -f-Na,C 03 ^CaC 03 i +Na,S,0,. 

The thiosulphate is obtained by the crystallisation of the filtrate. 

Sodium Silicate.—The meta-silicate of sodium is formed by 
fusing together silica and sodium carbonate, also by the wet 
method when freshly precipitated silicic acid is treated with the 
calculated quantity of sodium hydroxide. If an excess of 
silica is fused with sodium carbonate, and the resulting melt 
boiled for some time, a syrupy liquid, known as water-glass, is 
obtained. This form is readily soluble in water. It forms a 
useful cement and is also used for fire-proofing wood, besides 
being a valuable egg preservative and water-softener. 


Analytical Tests.—With chloroplatinic acid, H^PtCl,, the 
potassium ion gives a yellow precipitate of potassium chloro- 
platinate, a test none too delicate even in the presence of alcohol. 
An excellent test is that of Carnot. A test-tube is rinsed ^\^th 
dilute nitric acid and the contents poured out, and two drops 
of a normal solution of sodium thiosulphate and of bismuth 
nitrate introduced. Ten c.c. of alcohol are added and then a 
few drops of a fairly strong solution containing the salt of potos- 
sium. A copious bright yellow precipitate confirms potassium. 
This precipitate consists of potassium bismuth thiosulphate, 
K3Bi(S.03)3. ^ 

The only salts of sodium which are oven relatively insoluble 
are the fluosilicate, Na^SiF^, and sodium hydrogen pyroanti- 
monate, NajHjSbjO,. 


Lithium 

The chemistry of lithium calls for little comment, for the 
chemistry of lithium is that of sodium except in so far as the 
weakened basic nature of Uthium oxide and hydroxide modifies 
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it« reactions. Thus we find that lithium carbonate parts with 
carbon dioxide on being heated, as do the carbonates of the 
calcium group. Next to the phosphate and the fluoride tlie 
carbonate is the least soluble salt of lithium. 

Lithium gives a series of compounds very similar to those of 
sodium, e.g. a nitride, oxide, peroxide, sulphide, etc. In nature 
lithium is found in small traces in many silicates ; lepidolite 
(lithia mica) and petalite (lithium aluminium silicate) form the 
chief sources of supply of this element and its compounds. 
The metal is obtained by the electrolysis of the fused chloride, 
or of a fused mixture of lithium and potassium chlorides. The 
heat of reaction between lithium and water is not sufficiently 
high to cause the evolved hydrogen to ignite. This is to bo 
expected from the weakened basic nature of this element as 
compared with sodium. Otherwise its properties are sufficiently 
indicated in Table 49. 

The Spectroscope and Spectrum Analysis. 

Wien wliite light passes through a glass prism, and the 
resultant beam is projected upon a screen, the beam of light is 
sorted out into a band of colours called a spectrum, the colours 
ranging through red, orange, yellow, green, blue, indigo to 
violet. This is best shown by allowing the beam to pass first 
through a narrow slit (Fig. 124). 


I 

sue 

\ 

In the spectrum it is found that the violet portion is most bent 
out of its original path. The explanation of this is that white 
light is composed of vibrations of varying wave length. Light 
of short wave length (violet) will be most impeded in its passage 
through the prism, and consequently most swung out of its 
course ; the red rays of longer wave length will bo less deviated 
from their path. The light of every wave length will give rise 
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to an imago of the slit, upon the screen, and as a result, we obtain 
a broad coloured band, known as a spectrum. 

If the light comes not from the sun, or an arc light, but from 
a Bunsen flame coloured by a potassium salt, the continuous 
spectrum is no longer seen, but merely two bright lines, one in 
the red and one in the blue portion of the spectrum, accompanied 
by numerous fainter lines. Each element used to colour the 
flame, e.g. sodium, lithium, etc., in whatever compound it may 
occur, ^^■ill give ri.sc to its own characteristic lines and no two 
elements have ever been found to give the same spectrum lines. 

The instrument whereby it is possible to observe the spectrum 
directly {i.e. without the aid of a screen), is kno^^m asaspectro- 
scope, and such is the delicacy of this method of investigation 
that it is possible to detect 0 00006 milligms. of calcium and 
even 0-0()0()005 milligms. of sodium. 

Careful examination on the part of Frauenhofer (1814-1816) 
rcveale{l the interesting fact that, whereas the spectrum of the 
arc light is perfectly continuous, there was no such continuity 
in the sun’s spectrum, but a large number of dark lines—the 
Frauenhofer lines—were seen. The discovery was also made 
that the position of these lines corresponded in nearly all cases 
with the position of lines already mapped out for elements known 
to the chemist in his laboratory. The exjflanation of this is 
conveyed in tlie following experiment. If the light from an arc 
is made to pass tlirough a Bunsen flame coloured yellow with 
sodium chloride, the spectrum is found to be no longer continuous, 
but to contain two dark lines in place of the usual two bright lines 
in the sodium spectrum, and so on for other elements. It appears, 
therefore, that tlie light from the arc is robbed during its passage 
through the yellow’ flame of those vibrations which normally 
give rise to the yellow lines in the spectrum. The absorbing 
power of the yellow’ flame is thus greater than its emissive power. 
This experiment supplied the key to the Frauenhofer dark lines. 
The glowing sun centre gives rise to a perfectly continuous 
spectrum, as does the arc light, but during the passage of the 
sun’s light through the glow'ing, but cooler photosphere, it is 
robbed of certain vibrations which the photosphere is itself 
cajjable of emitting at a low’er intensity. The appearance of 
these dark lines in the sun’s spectrum, occurring as they do in 
exact agreement with the position of known terrestrial elements, 
is a proof of the existence of these elements in the sun. 
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When Ramsav discovered helium, it was found that its 
spectrum coincided exactly with certain dark lines w hich Ix)ckycr 
had attributed to the presence of an unknown element in the 

sun, which he named helium iq.v.). 

Absorption spectra are obtained by passing the light through 
a layer of gas or soUition before it is exaniine<l by the si>ec- 
troscope. A series of dark bands or lines is generally to be 

seen. 


Rubidium and Caesium 

The use of the spectroscoj)c as an aid to investigation was 
soon shown to the world by the discovery of the new elements, 
rubidium and caesium. Runsen (1861) and KirchhofT found 
several new lines in the blue end of the spectrum given by the 
salts derived from the Diirkheim mineral waters. To the 
element giving rise to these lines they assigned the name 
caesium. Shortly after, in working up the mineral lepidolite, 
they obtained spectroscopic evidence of yet anotlier element— 
rubidium. Since then, other sources of supply have been 
discovered. Rubidium has been found in the ashes of plants and 
in many mineral waters. Caesium, besides occurring with 
rubidium in the above sources of supiily, is found in a 

rich caesium-aluminium silicate occurring in America. 

The properties of these two elements and of their compounds 
are strongly akin to those of potassium. This is shown by their 
tendency to form polyio<lides, 

KI + I,^KI, 

CsI+I,^CsI, 

Rbl+I.^Ubl,, 

as well as a few higher polyiodidcs, such as Rbl,. Rubidium 
and caesium also form diflicultly soluble salts with chloroplatinic 
acid, HjPtCl*. 

Ammonium 

The compounds of the ammonium radicle show sufficient 
relationship to those of the alkalies to justify their inclusion at 
this stage. 

Ammonium Amalgam.—If a little sodium amalgam, 
prepare<l by dis.solving a small piece of sodium in mercury, is 
put into a solution of ammonium chloride, it is found to swell 
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up to several times its original volume. A similar result is 
obtained if a little mercury is put in ammonium hydroxide, 
the negative pole of a battery dipped into this and the solution 
electrolysed. This is supposed to be due to the formation of 
an ammonium amalgam. The action of this amalgam upon 
solutions of copper sulphate, zinc sulphate, etc., supports this 
view, for some of the metal is precipitated, and ammonium 
sulpliatc passes into solution. A mixture of hydrogen and 
ammonia exerts no such action, nor will such gases dissolve in 
mercury. 

Ammonium Halides 

Ammonium Chloride.—Tliis salt is prepared by the action 
of ammonia upon hydrochloric acid. Much of it is obtained from 
the gas liquor {p. 277), the crude material being purified by 
sublimation. It is heated in large iron or earthenware pots and 
collected on the dome-shaped cover. The volatilised product 
forms a tough, fibrous, crystalline solid. When prepared by 
crystallisation, it occurs in cubes or octahedra. The action of 
lieat upon this substance is in this case more than mere sublima¬ 
tion, for it has been found that the density of the vapour is such 
as to indicate a breaking down of the molecule into ammonia 
and hydrogen chloride. That this is so can bo shown by taking 
advantage of the difference in the rates of diffusion of these 
gases (Graham’s Law, p. 83) (Fig. 125). 


Ain stredfD 



Fio. 125. 


A stem of a clay pipe is passed through a glass tube and held in 
position by means of two corks. Between the pipe and the tube 
is placed a little ammonium chloride. If a piece of litmus paper 
is placed in the compartment with the ammonium chloride, in a 
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short time it will be found that the paper has turned red, 
whilst, if a gentle stream of air is sent through the pipe, the 
issuing gas will be found to turn red litmus blue, i.e. 
molecules of ammonia have diffused through the porous 
walls more rapidly than tlie heavier molecules of hydrogen 
chloride, leaving a predominance of the latter in the outer 
compartment. 

Ammonium Bromide and Iodide show properties similar 
to those of the chloride, exccj)t that in the case of the i(xlido the 
heat which dissociates the i(^ido is suflicient to liberate iodine 
by its action upon the equilibrium 

Ammonium Hydroxide has often been referred to as a 
weak base, its dissociation into the ions NH,'*’ and Oil" being 
very slight. The effect of adding an ammonium salt to a solution 
of ammonium hydroxide is discussed on page 524. 

Ammonium Nitrate is formed by adding nitric acid in 
equivalent quantity to a solution of ammonium hydroxide. 
Four different types of crystals are known, each possessing a 
distinct transition temperature. Those existing under ordinary 
conditions of temperature are rhombic in form, isomorphous 
with potassium nitrate. Ammoniiim nitrate is most extensively 
used in the manufacture of fireworks and explosives. Heat 
causes decomposition in accordance with the equation: 

NH.NO,->N.O + 2HiO. 

Ammonium Nitrite is somewhat unstable, though it can bo 
prepared by saturating ammonium hydroxide with nitrous acid. 
The solution must be concentrated in vacuo at ordinary tem¬ 
peratures. 

Ammonium Carbonate and Bicarbonate .—AmiTioniuin 
bicarbonate is formed during the manufacture of sotlium car¬ 
bonate by the Solvay ammonia-soda process (^/.v.) It can bo 
readily obtained by saturating a solution of ammonium hydroxide 
with carbon dioxide and concentrating the solution. Tho salt 
smells appreciably of ammonia, owing to the dissociation 

NH,HCO,^NH,-l-H,OH-CO,. 

In aqueous solution far reaching hydrolysis of this salt takes 
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j)laco, Tliis is due to the weakness of ammonium hydroxide as 
a base and of carbonic acid as an acid : 


-{-OH- 2H+ +COr 

1i 11 

NII.HCOj + nOH —^ NH.OII + H,CO, 

1i 11 

NH, + H,0 C0, + H,0 

On account of the volatility of the ammonia and carbon 
dioxide, tliese gases escape on wanning the solution, i.e. 
ammonium bicarbonate may be completely broken down in 
solution by the action of heat. The dry salt suffers a similar 
decomposition. 

Am7no7iiu7n carbonate, (NHJaCOs, is generally contaminated 
by the presence of small quantities of ammoniu7n carba7nate. 
Tlie following formulm bring out the relationship between 
ammonium carbonate, ammonium carbamate and urea. 


0-NH, ^0~NH4 NH, 

0= C/ 0=C< 0= C< 

^0- NH, ^NH, ^NH, 

Ammonium carbonate. Ammonium carbamate. Urea. 

The carbonate may be freed from the carbamate by means of 
alcohol, in which the carbamate is freely soluble. 


Ammonium Sulphate is obtained in considerable quantities 
by neutralising the ammonia of the gas liquor with sulphuric 
acid. It is used extensively as a nitrogen fertiliser. 


Ammonium Sulphide and Hydrosulphide.—^The prepara¬ 
tion of these salts offers no striking difference from the method 
adopted for the corresponding salts of potassium and sodium. 
The hydrolysis of the sulphide, formed as it is of a very weak 
acid and base, is unusually large : 


NH^+d-OH- NH4+-I-HS- 


2NH . + + S ■ (NH 4 ) ^ + H ,0 ^ NH *0H + NH 4 HS 
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Moreover, the products of the hydrolysis, tfie hydroxide and the 
hydrosulphide, besides being in equilibrium with their ions are 
also in equilibrium with the dissolved gases, ammonia and 
hydrogen sulphide. Since these gases are readily expelled by 
the action of heat, it follows that an aqueous solution of this 
salt may be entirely decomposed by boiling, at times a great 
advantage in analytical work. The action of ammonium 
sulphide in effecting the separation of arsenic, antimony and tin 
from the rest of the “ insoluble ” sulphides by the formation 
of the thio-salts has already been discussed 

Phosphates,—Of the numerous phosphates of ammonium 
the most important is the secondary sodium ammonium phos¬ 
phate, NaNH,HP 04 . This is used in bead tests, and is knowm as 
microcosmic salt. During the heating the following decom¬ 
position occurs : 

NaNH.HPO, NaP0a-fH,0 + NHj 

the metaphosphate polymerising into a hexa-metaphosphate. 

QtTESTIOSS 

1. Discuss the use of the spectroscope in qualitative analysis. 

2. Describe any electrolytic process which is employed on a largo scale 

for the manufacture of caustic soda. _ 

3. What important salts of sodium and potassium are prepared eloctro- 

lytically. Briefly indicate the salient features of each method. 

4. Account for the great success of the Solvny aminonia-soda process. 
Why is this method not satisfactory for the manufacture of potassium 

G.^Comparo the electrolytic and chemical methods of manufacturing 
caustic sodo from the point of view of efficiency, economy and punty oi 

** 0. An aqueous solution of sodium sulphide is alkaline but the liydro- 
Bulpliide civee a neutral solution- Account for tlii«, ^ 

1. Deftcribo the modem method of mantifacluring sodium cyanide. 

What is the commercial importance of this substance T 


CHAPTER XXXII 

SUB-GROUP IB: COPPER, SILVER, GOLD 

General Principles of Metallurgy.—Metallurgy may bo 
(Ielin(‘(l as tlie art of extracting metals from their ores on a 
commercial scale. In many cases there is less difficulty en¬ 
countered in producing the crude metal than in freeing it from 
small quantities of deleterious impurities. It is reported that even 
0 Oo per cent, of bismuth in gold is sufficient to render that metal 
valueless for the purpose of coinage, so brittle does it become. 

Comparatively little difficulty is experienced in separating 
the crude metal when it exi.sts in the free state, scattered though 
it may be throughout more or less gangue. Gold is an exceUent 
example of a metal occurring native. It is readily removed from 
the powdered ganguo by treatment with cyanide {see p. GIG) 
or by tlie jirocess of amalgamation. In other cases the metal is 
separated by fusion with or without the addition of a flux, 
and the layers of metal and slag are then easily separated by 
taking advantage of the difTcrence between their specific gravities, 
A slag arises from the fusion of various types of ore, and is 
generally a silicate, occasionally a pliosphate (see Thomas' Basic 
P- G-0). If the ore contains an excess of silica, as is usually 
the case, limestone is added as the flux, and combination then 
ensues between the lime formed in the furnace and the excess 
of silica. Occasionally borax or fluorite is added as a flux ; 
with the former there is direct combination between the borate 
and tlio oxide (cf. borax bead) to bo removed, the use of the 
latter being physical rather than chemical. In general, sulphide 
ores are first broken down by roasting, i.e. heating in an 
atmosphere of air to eliminate sulphur and the resultant metallic 
oxide then reduced by coke. Other impurities are often con¬ 
verted into oxides, and as such, are brought into combination 
with the flux and removed as slag. 

496 
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Several important methods stand out for the purification or 
refining of the crude metal. One of these is tlie process of 
electrolysis (cf. copper, zinc), wherein the crude metal forms 
the ano<ie, whilst the solution contains a suitable salt of the metal 
to act as electrolyte. A high degree of purity can be attainc<l 
by this means. In a number of cases, impurities are remove<l 
by the oxidising action of a blast of air at a high temperature, 
as in the conversion of cast or pig iron into wTought iron, copper 
matte into copper. 

During recent years the commercial preparation of metals by 
electrolysis has come to the fore. Aluminium is now exclu¬ 
sively made by the electrolysis of aluminium oxide dissolved in 
molten crj'olito, sodium from the fused hydroxide, magnesium 
from fused carnallite, etc. 


CoFi'BR, Silver, Gold 

The position of these elements in the first group of the 
Periodic Table appears at first sight somowliat unjustified. 
The ea.so with which these metals part with their oxygen, their 
inactivity towards thLs element, the comparative weakness of 
their oxides as bases stand in sharp contrjist to the metals of 
Group 1a. a great deal of this difficulty disappears if the method 
of writing the Periodic Table, given on p. 2(10, is adopted, of 
which the following is a modification :— 
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Tlie change in basicity in passing from sodium to chlorine is, 
in the long series, spread over seventeen elements and copper is 
seen to fall mid-way between the clement, potassium, and the 
element, bromine. In brief, the elements of Group 1 b arc not 
to be expected to form compounds closely akin to those of the 
alkalies, except in so far as they give rise to the group oxide 
M,0, and a scries of salts of the same valence os do the alkalies, 
e.g. CuCl, AgCl; with regard to the actual properties of such 
compounds, they arc to be expected to bo possessed of a distinctly 
weaker clectro-aflinity. Their basicity will, in general, lie 
intermediate between the elements noted for the strength of 
their oxides as bases (the alkalies) and the elements whoso oxides 


are acidic (the halogens). 


KK 
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The following statement suniinarisea the more important 
properties of Group lii :— 

I. The elements give rise to two or more oxitles, and to two 
series of salts, viz. :— 



Oxi<If‘5;. 

Cu.O. 

Cuprous oxi<lo. 

{'iiO. 

Cupric oxiclo. 

.\g,o. 

Silver siihoxide. 

Afr.^ 0 . 

Silver oxide. 


Silver peroxitlc. 

Au.,<). 

Aurous oxide. 

A uO. 

Ciold monoxide. 

A 11203 . 

Auric oxide. 


Salts. 

CiiT. oto. Cuprous salts. 
CuClj. CuSO,. otc. Cupric salts. 
At;,!'- Sub-lia!iclo sil¬ 

ver salts. 

AgCl, AgXOj, etc. Normal silver 

salts. 


AuCl. etc. Aurous salts. 

Au.SO^, .VuClj, et-c. tJold monosul- 

pliato, otc. 

AUCI 3 . otc. Auric salts. 


The element with the heavh'st atomic weight gives rise to the 
greatest variety of salts ; tiiis is in conformity with the beliaviour 
shown by other elements at the bottom of Groups 2 b, 3n, 
4b, etc. 

2. 'J'he carbonates and hydroxides are practically insoluble in 
water, silver hydroxide alone showing an appreciable solubility 
(contrast the alkali hydroxides and carbonates) ; the carbonates 
evolve carbon dioxide on heating and the hydroxides readily 
break down into the oxides (cf. the carbonates and liydroxides 
of the alkalies). 

3. Tlic metals, excepting copper, show no tendency to combine 
with oxygen. 

4. The ions of silver and copper combine with ammonia t-o 
form complex cations: 

Cu+ + + nNHg—^[Cu.nNH,]+ + 

5. The halides and cyanides of these elements are of such 
weak electro-afiinity that, in the presence of the halides and 
cyanides of the alkalies, they are forced into the complex anion : 

KCl + AgCl~>K[AgCl2] 

2KC1 + Cua 2 K .[CuCl,] 

AgCN + KCN—>K[Ag(CN)s] 

6. In all cases solutions of salts of the higher stage of oxidation 
are reduced to tlic lower by heating with the metal : 

Ag^-fAg^Ag3- 

Cu + + 4-Cu^:±2Cu+ 

Au+ + ^- +2Au ;z:^3Au'^ 
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Copper 

Occurrence.—Copper occurs native in Cliili in the form of 
a copper sand containing from GO-00 per cent, of inotal, also 
in largo quantities near Lake Superior. It is widely distributed 
as ruby copper, CujO (U.S.A.), melaconite, CuO (U.S.A.); 
as basic carbonates—malachite, CuC 03 ,Cu(OH)„ and azurite, 
2 CuC 03 ,Cu( 0 H), ; as sulphides in chalcocite or copper glance, 
CujS, and chalcopyritc, CuFeS,. Small quantities arc also found 
in the feathers of some birds. Physiologically, its occurrence 
in the hosmocyanin of the blood of the inollusca and certain 
Crustacea is interesting ; its role is evidently similar to that of 
the iron salts in the hemoglobin of red blood. 

Metallurgy. 

Copper ores, free of sulphur, are comparatively easy to smelt. 
The ore is mixed with coke and any necessary flux, put in a blast 
furnace, and the result of the operation yields a slag and blister 
copper (98 per cent. Cu). Only a single chemical operation is 
necessary in this step—the reduction of the oxide by the carbon. 
Such ores are, however, comparatively rare. 

The metallurgy of the sulphide 
ores of copper is a much more 
difTicult process. This arises from 
the great tendency of sulphur to 
combine with copjK-T ; the affinity 
between these two elements is so 
great that copper will exx>el iron 
from iron sulphide. The actual 
method chosen depends upon the 
grade of ore, the impurities present 
and so on. 

Pyrite Matte Smelting.— 

The charge, consisting of the 
sulphide ore, containing copper 
and iron with traces of gold and 
silver, is brought into the blast 
furnace without any preliminary 
roasting, A largo part (70-80 per 
cent.) of the sulphur is burnt off, 
the heat of combustion of this sulphur maintaining the furnace 
at the requisite temperature (Fig. 126). The remainder of the 
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sulpliur is left in combination with the copper and tlie iron, 
forming the artilieial sulpliide known as matlc. In tliis process 
the slow expcaisivc preliminary roastinj' is avoided. 

Within the furnace a large part of the iron is converted into 
the oxide 

2FeS 1 30,^2Ee0 i 2 SO 2 , 

wliicli unites with the silica to form a slag. The matte produced 
in tlie process contains 40 per cent, of coi)per, whilst as much as 
05 per cent, of the iron originally present is converted into the 
oxide and removed in the slag. The pyrite matte is then converted 
into blister copper before refining. 



Reverberatory Smelting.—Ores which are at all fine in grain 
and therefore unsuiUiblo for treatment in the blast furnace, 
are generally converted into matte by reverberatory smelting. 
Considerable quantities of the oxides of sulphur escape, the 
sulphur which remains is found in combination with the copper 
and the iron. Silica which is often added to the furnace charge 
removes the iron and other oxides as slag (Fig. 127). 

Blister Copper.—^Tho molten matte is run into a converter 
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fumaco, lined with a siliceous lining. Air is blown through the 
molten mass, thereby oxidising the iron and other easily oxidis- 
ablo metals. These arc removed by the siliceous lining as slag. 
After the iron luis been sufficiently slagged, the furnace is tilted 
and the slag run off. At this stage the copper content has risen 
to about 75 per cent., and the iron has been almost eliminated. 
After the slag has been run off, the blast is again turned on, 
wlien the reactions, 

2 CU 3 S -f 30,-^2Cu,0 +2SO, 

Cu jS + 2Cu 5 O CCu + SO 

take place. As soon as the appearance of the flame indicates 
the completion of the above interactions, the blast is shut off 
and the copper poured into moulds. As it cools, occludetl 
sulphur dioxide escapes, giving the copper the well knoum 
blistered appearance. 

Refining of Blister Copper.—Blister copper contains 
cuprous oxide, sulphur, iron, arsenic, and often silver and gold. 
If the precious metals are present in sufficient quantity, the 
blister is refined elcctrolytically, otherwise the refining is carried 
out in the copper refining furnace. Compres.sed air is forced 
through the molten mass, thereby removing the iron, arsenic 
and sulphur cither by volatilisation or by oxidation. The 
oxides of copper arc reduced by poling, i.e. forcing poles of wood 
below the surface. The hydrocarbons of the wood effectively 
reduce the last traces of copper oxide. 

Electrolytic Refining.—Blister copper, especially that con¬ 
taining gold and silver, is frequently refined by this means. 
The electrolyte is copper sulphate, acidified with sulphuric 
acid. Anodes formed from blister copper and cathodes of 
electrolytic copper are suspended alternately in the bath. 
During the electrolysis copper dissolves from the anode and is 
precipitated on the cathode. At the anode the reaction 

Cu-f 2©->Cu** 

takes place. Copper sulphate is therefore formed, while at the 
cathode 

Cu+ + -^Cu +2© 

occurs, i.e. copper is precipitated. The olcctrol 3 de consequently 
maintains its concentration unaltered. The impurities, gold and 
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silver, present in the blister copper, collect in the anode raud 
which is periodically removed and worked up for the noble 
metals. 

Properties.—Copper is one of the best conductors of heat 
and electricity, but this property is modified materially by the 
presence of traces of many impurities, e.g. arsenic. The metal 
is fairly hard, and appears red by reflected light. It can be 
obtained in regular crystals (octahedra). The melting point of 
copper is 1,084®. 

Copper is of great industrial importance. Enormous quantities 
are used in the electrical industry, as well as in the manufacture 
of many alloys (brass, 1 of zinc to 2-5 of copper ; nickel and 
copper coins, bronze, etc.). 

Oxygen has no action upon copper when dry, but a thin film 
of cuj)rous oxide is soon formed if the oxygen is moist. Of the 
dilute acids, nitric acid alone has an appreciable solvent action 
upon it, liberating nitric oxide (q'.v.). Strong hydrochloric acid 
in the presence of air (oxygen) dissolves it slowly. The thin 
film of liydrogen produced by the reaction 

Cud- 2H+^Cu + + -f H, 

is oxidised by the dissolved oxygen, and hence solution proceeds 
slowly. The action of strong sulphuric acid and of nitric acid 
has already been discussed ; the former evolves sulphur dioxide, 
the latter nitrogen peroxide. 

The low electro-potential of copper explains its inability to 
liberate hydrogen from acids unless aided by some suitable 
oxidising agent (NOg, O*, etc.). Hydrogen, dissolved or occluded 
in platinum or in charcoal, will precipitate copper from a solution 
of copper sulphate. 

General Survey of the Compounds op Copper. 

There are two basic oxides of copper—cuprous oxide, CugO and 
cupric oxide, CuO. From each of these oxides there is derived 
a series of salts, the cuprous salts in w'hich copper is monovalent, 
and the cupric salts in which copper is divalent. As examines of 
the cuprous salts, wo have cuprous chloride, CuCl, cuprous 
bromide, CuBr, cuprous iodide, Cul, cuprous cyanide, CuCN, 
and cuprous sulphate, CU 2 SO 4 . The cupric salts are much more 
numerous, for besides the halides, CuCl 2 , CuBr^, many salts from 
oxy-acids have been isolated, such as the nitrate, Cu(N 03 )j. 


COPPER 


603 


The chemistry of the cupric and cuprous salts is closely bound 
up with the equation 

Cu+ + -f Cu^2Cu + . 

that is, cuprous salts aro prepared by the reduction of cupric 
salts with metallic copper. The above equilibrium is s\nmg to 
the right by a rise of temperature (i.e. the formation of the 
cuprous compound is attended by an absorption of heat). It 
is therefore advisable to use as high a temperature as possible 
to effect the reduction. 

In all the cuprous salts the compounds possess properties 
characteristic of other similarly constituted salts, whilst the 
cupric salts show a general similarity to other salts derived from 
a divalent cathion. Hence wc find a striking resemblance in the 
insolubility of the cuprous halides, the silver halides, the aurous 
halides, whilst the cupric halides aro very similar to the salts 
of lead, zinc, cadmium and mercury. This rule is a general one. 
When an element forms salts in which it exhibits more than one 
valence, the properties of tlie salts of each type may be fairly 
safely inferred from a knowledge of the properties of the salts 
of a corresponding typo. Lead subchlorido, PbCl, is insoluble 
(cf. CuCl, AgCl), lead chloride, PbClj, is relatively much more 
soluble (cf. CuCl,, HgCl,), lead tetrachloride, PbCl 4 , is a liquid, 
strongly hydrolysed in water like other such compounds (cf. 

SnCI., SiCl.). 

Cupric Cotnpouruls 

Cupric Oxide and Hydroxide.—Cupric oxide is a black 
substance, formed by heating copper in a stream of oxygen, or 
by decomposing certain oxy-salts, e.g. nitrate, carbonate. Its 
hydroxide is obtained in the wet way by the action of a soluble 
base upon a soluble compound of copper : 

Cu++ +20H--)^Cu(0H),>i'. 

The hydroxide is unstable and passes readily into the oxide. 
The hydroxide dissolves freely in ammonia with the formation 
of a deep blue solution. Migration experiments in a U-tubo 
have shown that the blue ion is positively charged, and consists 
of the complex (Cu.2NHa)'*'Cupric oxide plays an important 
r61e in the combustion of carbon compounds, the hydrogen of 
which it is desired to oxidise to water, the carbon to carbou 
dioxide. The carbon compound is burnt in an atmosphere of 
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oxygen, and the products of combustion arc led over heated 
copper oxide in order to complete the oxidation to carbon dioxide 
and water, which are then absorbed and weigfjed. 

Cupric Chloride.—Cupric chloride is obtained in the anhy¬ 
drous form, eitlier by tlie direct combination of chlorine with 
copper, or by deliydratiiig the hydrated chloride, CuClj* 2 H 20 , 
in a stream of liydrogen cliloride. Tlic presence of the hydrogen 
chloride prevents the liydrolysis of the chloride and the formation 
of a basic chloride. Tlie crystals are brownish yellow and very 
hygroscopic. Hydrated cupric chloride is obtained by dissolving 
copper in hydrochloric acid to which a little nitric acid has been 
added to oxidise away the film of hydrogen and so promote the 
solution. The hydrated salt forms bluish green crystals. Dilute 
solutions of tliis compound are blue, and during the electrolysis 
of such solutions the copper migrates to the cathode, i.e. they 
contain the cupric ion Cu."*^ But in strong solutions of cupric 
chloride, or in solution to which considerable quantities of 
hydrochloric acid, potassium chloride, etc., are added, the 
colour is a deep green. Electrolysis of such solutions reveals 
that much of the copper present migrates to the anode, i.e, is 
part of a complex anion. 

CuCl, + 2Cl- ^[CuCl,l = 

Deep green. 

Increased concentration, either of cupric chloride or of the 
chlorine ion, or a rise in temperature, promotes the formation of 
the complex. Another type of complex is jiroduccd from a 
solution of copper chloride by the addition of ammonium 
hydroxide. At first a basic salt is thrown down, but this dissolves 
in an excess of ammonium hydroxide, forming a deep blue 
solution. This phenomenon is given by nearly all the copper 
salts to which an excess of ammonium hydroxide has been added, 
and arises from the presence of the deep blue complex cation 
(Cii ^NHj) * Many salts of the tjqx; CufNHjl^Aj have been 
isolated, where x varies from 2 to 6. A denotes the anion, 
Cl**, etc. 

Cupric Bromide and Iodide.—Anhydrous cupric bromide 
forms jet-black crystals, and is best obtained by the cautious 
dehydration of the hydrated salt in a stream of hydrogen 
bromide. To obtain the hydrated salt, CuBr,4HjO, hydro- 
bromio acid is saturated with copper hydroxide or copper 
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carbonate and the liquid concentrated at a low temperature. 
Solutions of this salt show the same colour changes as do the 
chloride, but to a more marked degree. Dilute solutions are 
blue, strong solutions are a deep brown. Ihe colour change 
from blue to brown is intensified by the addition of such clJoridcs 

and bromides as KCl.NaBr, etc. 

Cupric iodide is unknown. Attempts to prepare it, c.g. by 
the action of potassium iodide upon a solution of copper sulphate, 
invariably lead to the formation of a mixture of cuprous iodide 

and iodine : 

2CuS04 + 4 KI-^ 2 CuI'|' +21x2804. 

The iodine is easily removed cither by the use of a suitable 
solvent, by reduction with sulphur dioxide, or by solution in an 
excess of the added iodide. 

Cupric Cyanide.—Cupric cyanide exhibits properties some¬ 
what similar to the iodide. The addition of potassium cyanide 
to a solution of copper sulphate causes the precipitation of the 
unstable cupric cyanide : 

CuS 04 + 2KCN->Cu(CN)2 +K 2 SO 4 . 

Immediate decomposition of the unstable cyanide takes place 

2Cu(CN),->2CuCN4' +(CN)J'^ 

In the presence of an excess of potassium cyanide the cuprous 
cyanide passes into solution, forming potassium cuprocyanide. 
In the formation of this salt the following cquiUbria must bo 
considered : 

CuCN + 3KCN ^ K,[Cu(CN)4 ] 

11 11 11 

Cu++CN- K-* +CN- 3K-^+[Cu(CN)4l- 

11 

CU++4CN- 

Tho primary cause of the cuprous cyanide passing into solution 
is the disturbing of the equilibrium 

CuCN CuCN 

Solid. Dissolved. 

by the action of theCN" ions in promoting the formation of the 
complex anion: 

CuCN+3CN--?^ [Cu(CN) 4 ]= 


I 



506 


AN INORGANIC CHEMISTRY 

In such a solution tlic cuprous ion concentration is so extremely 
low that, when hydrogen sulphide is bubbled through the 
solution, no preeij>itato falls out. The dissolved hydrogen 
sulj)hidc gives rise to the equilibrium 

H,S^2H^ +S-, 

but the cuprous ion is so low in concentration that the solubility 

product of cuprous sulphide is not reached, or, expressed 
mathematically, 

(CuU“(S-)<L,„^, 

Upon this fact is based the separation of solutions containing 

salts of coi)])er and cadmium ( 5 ce Cadmium Sulphide). 

Moreover, the cuprous ion concentration is so extraordinarily 

low in solutions of potassium cuprocyanide that zinc is unable to 

displace any copper from the solution. For the same reason 

potassium cyanide is able to dissolve all the insoluble salts of 
copper. 


Cupnc Sulphate.—Tins s.ilt is prepared in large quantities 
mdustrially by heating scrap copper in a furnace with sulphur. 
Iho cupric sulphide is largely o.xidiscd to the sulphate by the 
admission of air. Treatment with sulphuric acid converts any 
cupric oxide into the sulphate. In the laboratory, it is prepared 
^om the carbonate or oxide by the action of sulphuric acid. 
Di uto sulphuric acid will dissolve copper and form copper 
sulphate only in the presence of a plentiful supply of air (oxygen) 
or other suitable o.xidising agent. This is required to oxidise 
away the film of hydrogen which separates on the surface of the 
copper. Concentrated sulphuric and nitric acid act in this way : 


H, + H,S0.->2H,0 + S0. 

H, + 2HN03->2H,0 + N,04. 

The three hydrates and their vapour pressure-temperature 
graphs have already been dealt with (p. 98). Cupric sulphate 
combines with the sulphates of the alkalies and of ammonium 
to form double or complex sulphates, CuS 0 .,Na 3 S 0 ., 6 H 30 . 
These occur in large light blue, monoclinic crystals. Copper 
sulphate (blue vitriol) is used extensively in preserving timber, 
as a germicide and msecticide, for electroplating, as a mordant 
m dyeing {q.v.) and in calico printing. 


Cupric Carbonate.—Cupric carbonate occurs only in a basic 
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form. Thus the addition of a solution of sodium carbonate to a 
solution of copper sulphate produces a precipitate of the com¬ 
position, CuC03.Cu(OH)j,a:H.O. The non-separation of the 
normal carbonate is no doubt closely associated with the 
hydrolysis which such a salt, formed of a weak base and a very 
weak acid, would undergo. 

Cupric Acetate.—A basic cupric acetate Cu 3 ( 0 H),.(C 8 H 305 ) 4 , 
verdigris, is produced by the action of acetic acid (vinegar) 
upon copper under the oxidising influence of the atmosphere. 
Green crystals of the normal acetate, Cu(CjH 30 i)j,H; 0 , can be 
obtained by crystallising the basic acetate from acetic acid. 
The basic salt has a certain commercial importance, as it is 
used in the preparation of Paris Qrttn, Cu(CjH 30 j)j,Cu 3 (As 03 ) 2 , 
a double acetate-arsenitc of copper which is used as a fungicide. 
Scheele’s green, CuHAsO,, an arsenite of copper, has simUar 
properties. 


Cuprous Compounds 

Cuprous Oxide.—This oxide can be prepared by the reduc¬ 
tion of cupric hydroxide with glucose. Cuprous oxide is a bright 
red, crystalline powder which, in naturally occurring specimens, 
crystallises in the regular system (octahedra). It dissolves in 
hydrochloric acid, forming the soluble hydrogen cupro-chlondo 

Cu ,0 + 2HC1 2CuCl + H ,0 
CuCl + HCl—>-H[CuCl,l 

It is also soluble in ammonium hydroxide, forming a cupro- 
aramonia hydroxide, c.g. CufNHol.OH. Under the action of 
the oxy-acids, decomposition in the sense of the equation 

2Cu-^ ^Cu+Cu+ + 

occurs. Hence sulphuric acid gives cupric sulphate and metallio 
copper, not cuprous sulphate. 


Cuprous Sulphate.—Cuprous sulphate is formed 
action of metallic copper upon a hot solution of cupric snip a , 
but on cooling the reaction reverses, and copper is precipitated. 
Cuprous sulphate baa been isolated by boiling dry e ly 
sulphate with cuprous oxide : 

Cu,0 + (CH,).S0.->Cu,S0. + (CH,).0 


It LB only stable in the absence of water. 
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Cuprous Chloride and Bromide.—These salts are both 
obtained by the reduction of the corresponding cupric salts with 
metallic copper. Copper, cupric halide and hydrochloric acid 
are boiled together, tlie solution poured into water and the 
insolulile lialide separates out. These salts are insoluble in 
water, but are apjin'eiably hydrolysed by liot water, giving 
hydrated cnj)r()us oxide : 


2CuCl + HOH — Cu ^0 + 2HC1. 

At the same time cupric chloride is formed, in accordance with 
tho equation : 

2CuCl^^Cu +CuCI,. 

These halides dissolve freely in solutions of hydrochloric acid 
and of tho alkali halides. The mechanism of tho reaction 
resembles that involved in the solution of cuprous cyanide in 
potassium cyanide. The solution obtained by dissolving cuprous 
chlonde in hydrochloric acid is used in gas analysis as an absor¬ 
bent of carbon monoxide. 

Cuprous chloride and bromide are also formed by the dissocia¬ 
tion of the corresponding cupric salt on heating : 

2CuCl2->2CuCl-l-Cl,. 

Sulphides.—Corresponding to tho two oxides, Cu^O and CuO, 
are the two sulphides, cuprous sulphide, Cu,S and cupric 
sulphide, CuS. Cuprous sulphide is obtained from the latter by 
reduction in a hydrogen atmosplierc, but it can also be formed 
m the wet way by the action of a solution of ammonium sulphide 
upon copper turnings in tho absence of air. 

Cupric sulphide, as prepared in the laboratory by the action 
of hydrogen sulphide upon a solution of copper sulphate, always 
contains more or less cuprous sulphide, due to the reaction, 

2CuS -^CuS-h S. 

Silver 

Occurrence. As one of the noble metals, the widespread 
appearance of this element in the native state is only to bo 
expected. Native copper always contains small quantities of 
silver. In combination with other elements it is found as silver 
glance, AgaS. in wliich form it is often associated with galena, 
PbS. important ores are horn silver, AgCl, pyrargyrite, a 

thioantimonito, AgaSbSg, and proustite, a thioarsenito AgaAsSa. 
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Metallurgy*—Considerable quantities of silver are recovered 
from the anode mud precipitated during the electrolytic refining 
of copper. This mud is dried and thrown into molten lead. 
The silver {and gold) passes into the fused lead and is recovered 
by cupellation, i.e. the lead is oxidised into litharge, which acts 
as a slag in removing the oxides of other metals. The silver 
(gold) button is left unoxidiscd. 

Silver sulphide occurs in a more or less pure state, but is even 
more extensively found with galena. Silver ores, free of lend, 
are often treated with lead-bearing ores, the lead of one ore being 
used to collect the silver of the other. Sulphide ores are first 
roasted in order to effect oxidation. The charge of roa.sted ore, 
together with coke and sufficient lead-bearing ore to raise the 
lead content to at least 10 per cent., is introduced into the blast 
furnace with iron ore and limestone as a flux. TTic process 
witliin the furnace is represented by the equations : 

PbS -f FeO -hC—> Pb + FeS + CO 
PbSO, -f FcO -h 5C—> Pb + FeS -f 6CO. 

On the passage dow’n through the furnace the lead collects the 
re<luccd silver, and is drawn off at the bottom. If the silver ore 
is a very rich one, the silver content will pay for extraction. 
This is dune by cupellation. Otherwise the silver-lead alloy is 
concentrated by the Parkes’ or the Pattinson Process. 

(а) The Parkes' Process .—This process is extremely satis¬ 
factory and is based upon the greater solubility of silver in zinc 
than in lead (cf. the partition of iodine between carbon disulphide 
and water, p. 112), 

A lump of zinc is thrown upon the molten lead-silver alloy, 
and practically the whole of the silver passes into the upper zinc 
layer. When the temperature has fallen sufficiently for the 
zinc-silver layer to solidify, it is removed, the zinc separated by 
distillation and the silver remains in the retort. 

(б) The Paitinson Process .—This is less satisfactory than the 
Parkes’ process, except for ores containing bismuth. The 
process is best understood by reference to Fig. 128. 

A represents the melting point of water. This melting point 
is depressed by the addition of a solute, e.g. silver nitrate. AB 
marks out the freezing points for solutions containing increasing 
quantities of silver nitrate. At all points along this curve the 
solid which separates out is ice. C represents the melting point 
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of pure silver nitrate, CB the freezing points of fused silver 
nitrate depressed l>y the addition of increasing quantities of 
water. Tlic solid whicli separates along CB is always silver 
nitrate. At B, both ice and silver nitrate can exist side by side, 
for at tiiat point tlic two curves AB and CB intersect. All 
solutions to the left of B will deposit ice on freezing, to the right 
of B silver nitrate. The Pattinson process is based upon a 
similar temperature-concentration diagram (Eig. 129). 



^ represents the melting point of pure lead, C that of silver AB 

the freezing point curve of melts containing increasing quantities 
of Sliver. Any melt of a concentration to the left of B will 
deposit crystals of lead on cooling. C is the melting point of 
pure silver, CB the freezing point curve of silver to which in¬ 
creasing quantities of lead have been added. All melts of a 
concentration lying to the right of B wiU deposit crystals of 
silver on cooling. Melts of the composition B solidify to a 
heterogeneous mass of lead and silv’cr crystals. 

The lead obtained from the smelting furnace has a concen¬ 
tration to the left of B. On cooling such a melt, crystals of pure 
lead separate out. These are removed by means of a ladle, and 
the composition of the fused remainder must consequently 
change towards B. At B no further separation can be made. 
Iho result of the operation is that a silver-lead aUoy has been 
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obtained T^'hicli is suflBcicntly rich in silver ( 2 ^ per cent.) to pay 
for cupelling. The lead is also recovered from the litharge left 
in the cupellation {see p. 517). 

Wet methods are also used for the extraction of silver, such as 
extraction with cyanide solutions. 

AgCl + 2 NaCN-^Na[Ag(CN) 2 ] + NaCl 
AgjS + 4NaCN ^ 2Na[Ag(CN)a] + Na,S. 

The silver is precipitated by means of zinc. 

In Ziervogcl’s process the ores are roasted to convert the silver 
sulphide into sulphate. This is then dissolved out, and the 
silver recovered by treatment with scrap copper. Other ores 
arc roasted with salt and the silver chloride dis.solved by means 
of sodium thiosulphate or a strong solution of brine. 

AgCl + NaCl~> Na[AgCl 3 ]. 

In Mexico, owing to the scarcity of fuel, the Patio method 
18 used. The chemical reactions are summarised in the equa¬ 
tions : 

CuClj +Ag 3 S->CuS + 2AgCl 
2AgCl 4- 2Hg-> Hg.CU + 

In the actual operation the finely powdered ore is treated with 
8^1t. After standing for a day mercury is added togotlicr with 
a mixture of copper and iron salts. After this mixture lias been 
thoroughly incorporated by treading, the mud is washed away, 
the amalgam filtered and tlien distilled. The silver remains, 
the mercury is recovered. 

Properties of the Metal.—Silver is a white, lustrous metal 
of great malleability and ductility. It melts at 960°. Molten 
Silver absorbs ox 3 ’gcn freely, but gives it off upon cooling, 
causing the well-known spitting. It is an excellent conductor 
of heat and electricity. Owing to its softness, it is generally 
cmploycid in the form of an alloy. Silver coinage is a copper- 
silver alloy wliich contains 90 j>cr cent, of silver in U.S.A,, and 
formerly 92-5 per cent, in Great Britain, but owing to the 
enhanced value of silver, the percentage of this metal in British 
coinage has recently been reduced to 50. Frosted silver oma- 
nients are mode by first heating the ornaments and then immers¬ 
ing them in sulphuric acid, thereby dissolving out the copjjer 
which hns been oxidised by the preliminary heating. “ Oxidised ” 


612 


AN INORGANIC CHEMISTRY 


silver is made by dipping silver in a solution of potassium hydro- 
Hulpliide, wlieieby a tliin film of silver sulpliidc is formed. 

Silver tioos not eombine witli oxygen or water, but reacts 
freely with their analogues, sulphur and hydrogen sulphide. 
Dilute acids liave little action, Imt it <lissolves freely in tlio 
presence of moderately strong nitric acid, and of hot sulphuric 
acid (note the presence of the oxidising agent to remove the 
hydrogen film). The hydroxides of the alkali metals have no 
action upon it, hence its use for alkali fusions. 

Oxides of Silver.—Silver forms three oxides—the suboxide 
Ag^O, the oxide Ag.O, and the peroxide Ag^O^. The peroxide 
is formed by the action of ozone upon silver foil, and is also 
deposited at the anode in a rather impure state during the 
electrolysis of silver nitrate. It gives ri.se to no salts. The 
normal oxide, Agd), forms a large number of salts which have 
the characteristic properties of this typo of salt. From this 

oxide arc derived the halides, c.g. AgCi, the nitrate, carbonate, 
sulphate, etc. 

The lowest oxide, silver snboxide, Ag^O, is reported to have 
been made by the action of steam upon silver subfluoride. Ag^F, 
at a temperature of 180^. 

2Ag,F -i- H,0-> Ag,0 +H,F,. 

It is very unstable, but possesses a certain measure of import¬ 
ance as it gives rise to several salts, e.g. subfluoride, AgoF. and 
subcldoiide, AgoCI. 

Silver Suhjlnoridc is obtained by heating finely divided silver 
in a saturated solution of silver fluoride in a platinum dish. 

Bronze-like crystals soon appear on the surface, but on treatment 
with water they break down. 

AgaF —> AgF Ag. 

The existence of other subhaloid salts of silver has been fairly 
definitely established by physico-chemical means ; they possibly 
play a part in photography. 

Silver Oxide and Hydroxide.—The action of a soluble 
hydroxide upon a dissolved silver salt is to give a pale brown 
precipitate which is probably.the oxide, AggO. The alkaline 
reaction given by an aqueous solution of silver oxide argues in 
favour not only of the existence of the hydroxide in solution, 
but also of its strength as a base. The oxide decomposes rapidly 
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at 250*. Silver oxide, like cuprous oxide, dissolves in ammonia, 
forming a soluble silver-ammonia hydroxide, which is as strongly 
dissociated as potassium hydroxide. From this solution there 
separate on evaporation black, shining crystals of an explosive 
nature, often called Julminating silver, possibly NAgj. 

Silver Halides.—These salts are precipitated by the action 
of a soluble halide upon a solution of a soluble salt of silver. 
Their insolubility increases with the atomic weight of the halogen. 
The chloride is white, the bromide a pale yellow, the io^de 
yellow. They are all sensitive to hght, hence their use in photo¬ 
graphy (g.v.). The chloride is freely soluble in ammonia, the 
bromide less readily soluble, but the iodide is almost insoluble. 
The solubility arises from the equilibria : 

Agci^AgCi^Ag^ +a- 

Solid. Dis$K>Ivo<l. 

Nn4+ 4 -OH- ^NH*OH^NH3 + HaO 

Ag^4-2NH3^[Ag.2NIl3]^ 

The depression of the conceiitration of the silver ions brought 
about by the combination with ammonia induces the first 
reaction to swing to tho right. For the same reason these hal¬ 
ides dissolve in sodium thiosulphate and in potassium cyanide. 
The first of these reagents forms a soluble sodium salt, which 
gives in solution tho complex ion [AglSjOali] . Potassium 
cyanide forms the soluble potassium argento-cyanide IO\g(CN) 3 . 

Silver Nitrate and Carbonate .—Silver nitrate is formed by 
the action of nitric acid upon the mcta.1. It is freely soluble in 
water (100 gm. of water at 0* dissolve 115 gm. of silver nitrate, 
at 100® 910 gm.). Tho aqueous solution is easily reduced by 
organic matter to metallic silver, hence its use in marking inks. 
Silver nitrate crystallises in the rhombic system. It absorbs 
ammonia, forming AgNOj.SNHs. This reaction is similar to 
that given by silver chloride, which produces two such ammonia- 
compounds, AgCl.SNHj and 2AgCl,3NH3, the formation of each 
compound being conditioned by the pressure of the ammonia. 
Owing to tho strength of silver hydroxide as a base, an aqueous 
solution of silver nitrate is neutral to litmus. For tho same 
reason, normal silver carbonate is precipitated by the action of a 
Soluble carbonate upon a solution of silver nitrate. Silver 
carbonate is soluble in an excess of carbon dioxide, forming a 
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bi-carbonatc. On heating, the carbonate breaks dov^rx into 
silver, oxygen and carbon dioxide. 

Other salts arc silver sulphate, Ag 2 S 04 , which is isomorphous 
with sodium sulphate, but much less soluble ; silver sulphide, 
Ag.jS, which is precipitated by the action of hydrogen sulphide 
upon all solutions of silver salts, complex or otherwise, though 
the precipitation is not complete in the presence of potassium 
cyanide. 

Electroplating, 

In this process the electrolj'te is potassium or sodium argento- 
cyanide. The anode is made of a plate of silver, the cathode is 
the object to be electroplated. In such a solution the following 
equilibria are established : 


KCN 4- AgCN K[Ag(CN)2] 



+CN- Ag+ 4-CN- K+ +[Ag(CN)2]- 



Ag+-|-2CN- 

The actual concentration of silver ions M ill be extremely low as 
most of the silver is in the form of the complex anion. As has 
already been shoM’n (p. 465), the current to the cathode is 
carried mainly by the potassium ions, but at the electrode itself 
that process will take place which involves the least expenditure 
of M’ork. This is the separation of the silver ions, not of the 
potassium ions. As soon ns silver ions are thus discharged to 
metal, fresh silver ions will be created by the dissociation of the 
complex in order to restore the concentration of the Ag'*’ ions 
to their equilibrium value ; in short, the complex ion acts as a 
huge reservoir for the supply of silver ions. At the anode silver 
dissolves to form silver cyanide with the discharging cyanide ions, 
and this silver cyanide is converted into the complex anion. 

Ag+ 4-CN-—^AgCN 

AgCN+CN-^[Ag(CN)2r 

The mechanism of the electrolysis of potassium cuprocyanide 
is similar. 

Photography.—Modem photography is based upon the 
tendency of the haloid salts of silver to undergo incipient decom- 
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position on exposure to light. The precise nature of this change 
is not yet definitely established, some maintaining that the 
darkening of the silver halide \mder the action of light arises 
from the formation of a subsalt : 

4AgC1^2Ag,Cl + Cl2, 

others asserting that the light causes a reduction to metallic 
silver, 

2AgC1^2Ag + Cl„ 

this silver being precipitated in the molecular state throughout 
the unreduced halide. The action of light is likely to be inhibited 
in either case by the presence of chlorine, so that the observation 
that silver chloride remains perfectly white in an atmosphere 
of chlorine even though exposed to the action of light, does not 
help towards the elucidation of the problem. In order to take 
advantage of this photo-chemical activity of the silver salts, it 
is therefore necessary to have present something which will bind 
or remove the chlorine. Gelatine is such a substance. 

A photographic plate consists of a thin film of gelatine, con¬ 
taining an emulsion of silver bromide, spread uniformly over a 
glass plate. If such a sensitised plate is exposed to the action 
of light, the silver bromide is affected in such a way that the 
moat intense change of the sensitised material occurs where the 
light has been strongest, i.e. the amount of incipient reduction 
into subhalido or metal is proportional to the intensity of the 
light. The plate is then placed in a d€vdoper,Q. reducing agent, 
amongst such being pyrogallol and potassium ferrous oxalate. 
The developer first attacks those portions of the film where the 
light has already begun the reduction. Finely divided silver 
is thereby precipitated on the plate in those parts where the 
action of the light was strongest, in fact the density of the 
deposit is proportional to the light intensity ; where the action of 
the light has been greatest, tho silver deposit will bo densest. 
The reducing agent is poured off before it begins to attack those 
portions of tho film where light has not already set up incipient 
reduction. The plate is now washed and placed in a solution of 
^ypo —sodium thiosulphate-'which dissolves out tho unattacked 
silver bromide left in tho film. Tho negative is now fixed and 
may bo safely exposed to tho light. To obtain a print, the 
negative is placed over a piece of sensitised paper, i.o. paper 
prepared similarly to a photographic plate. The picture is 
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printed by exposure to light, and, as before, the action upon the 
sensitised paper will be greatest where the intensity of the liglit 
has been strongest. The negative protects the sensitised film 
from the action of the light in proportion to the thickness of the 
silver deposit. When the contrast of the picture is sufficient, 
it is again fixed by placing it in a solution of sodium tliiosulphate 
to remove any unreacted silver bromide present in the film upon 
the paper. The last stage in the operation is to tone the print. 
It is immersed in a solution of gold chloride or of potassium- 
platlno-chloride, K 2 RtCl 4 . Tlie silver of the print is replaced 
by the more electro-positive (noble) element, gold or platinum, 
and a richer tone produced. 

Gold 

Occurrence.—Gold is generally found in quartz veins and in 
river-bed gravels. It is frequently found nearly pure, but it also 
occurs in many copper ores. A gold-silver telluride (Ag.Au)Te 2 , 
is found in Colorado. 

Metallurgy.—Rich alluvial gold-bearing gravels can bo 
washed in a cradle, but in general, the gold content is far too 
small for this rough process to yield returns. The chief process 
is a combined amalgamation-cyanide one. The gold-bearing 
quartz is crushed in stamping mills and the finely pulverised 
sludge run over amalgamated copper plates. A largo part of 
the gold is retained on the plates, the remainder passes away in 
the tailings, and is subjected to the cyanide treatment, which is 
so efficient that less tlian ^ oz. of gold per ton of ore pays for ex¬ 
traction. The solution of the gold in the cyanide (less than 0-1 
per cent, in strength) depends upon the following reactions: 

2Au + 4NaCN + 2U.,0 -f Oa ^2NaAu(CN)a + 2NaOH -f HaO, 
2Au -f 4NaCN + HjOa^2NaAu(CN)2 -f 2NaOH 

Oxygen is therefore necessary to effect solution of the gold in 
the cyanide. The gold is recovered from the cyanide solution 
either by electrolysis or by precipitation with zinc. 

In the chlorination process the ore is first roasted, then treated 
in a moist state with chlorine. Auric chloride, AuCla, is formed 
and extracted with water. It is precipitated from the solution 
by means of a suitable reducing agent, e.g. ferrous sulphate, 
hydrogen sulphide, etc. 

2AuCla -}“-> 2 Fea(S 04)3 -l-2FeCl3 -l-2Au. 
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The separation of gold and silver from the less noble metals 
(e.g. lead) is made by cupelling the sample. This is cfYectod by 
heating the impure metal with lead and borax in a cupel (bone- 
ash crucible). Oxidation of the baser metals to oxide takes 
place, and this oxide is either absorbed by the cupel or blown 
away. A button containing the gold and silver remains. The 
silver is removed by the action of nitric acid (the process known 
as quarlation). The solution of silver in nitric acid does not 
proceed readily from a silver-gold alloy if the gold content 
exceeds 25 per cent. In such cases a suitable amount of pure 
silver is fused up with the button before separation by means of 

acid is attempted. 

Gold is also refined elcctrolytically. 

Properties.—Gold is extremely malleable and ductile, gold 
leaf being made not exceeding 0 000004 inch in thickness. In 
order to secure greater hardness gold is generally allowed i 
copper, as in the gold coinage of the different countries. The 

melting point of gold is 1062'^. 

Chemically speaking, gold is very unreactivc. It is no 
attacked by oxygen, nor by hydrogen sulphide (cf. copper, 
silver), nor does it dissolve in hydrochloric, sulphuric or nitric 
acid. Aqua regia, however, attacks it {see p. 21)3), as ocs 
sclenic acid, no doubt owing to the readiness with whicli this 
acid undergoes reduction. Other oxidising agents, such ^ ^ 
solution of potassium permanganate and sulphuric aci or 
hypochlorites and sulphuric acid, attack it. Gold is disso \ ( t 
in small quantities when a gold anode is used in Iho electro ysis 
of a strong acid. It is also attacked by fused alkalies and 

nitrates. 

General Properties of the Compounds of Gold 

The outstanding feature of this clement is the tendency of its 
salts to pass into complex anions. This is undoubtedly uo 
tlio nobility or weak electro-affinity of tho element. The weak- 
ness of its hydroxides, AuOH and Au(OH) 3 , os bases accounts or 
tho extreme hydrolysis to which salts formed from these asis 
are subjectoil. Thus, such salts as auric sulphate can only bo 
kept in solution when a large excess of acid is present. 

Oxides^The oxides of gold are aurous oxide, AujO, gold 
monoxide, AuO, and auric oxide, AujOj. In accordance wit i 
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the general rule, the liighesfc oxide possesses the weakest basic 
projiortics, in fact auric oxide and hydroxide are amphoteric. 
All three oxides give rise to salts, of which those derived from the 
aurous and auric oxides are the best known. The clement is an 
interesting example of the general tendency of the bottom 
mc'mber of cacli R subgroup to give rise to two or more scries 
of salts (cf. mercury, thallium, lead, bismuth). 

Aurous oxide, AuoO, is a violet powder formed by the decom¬ 
position of its salts by means of a soluble hydroxide. A few 
derivatives of this oxide are known, aurous sulphide, Au^S, aurou3 
thiosulphate, AuaSaOa, aurous chloride, bromide and iodide and 
a few complex salts, such as potassium aurocyanide KAu(CN)a. 
As a base, aurous hydroxide is extraordinarily weak—a notable 
exception to the general rule tliat the clement at the bottom of 
each group forms the strongest base of the group. 

Gold Monoxide is difiicult to obtain but several salts 

arc known, AuCh, AuS, AuRr^, AuSO,. All those salts tend to 
decompose into a mixture of aurous and auric salts ; 

2Au + + Au *** -hAu 

Auric Oxide and Hydroxide.— Auric oxide, Au^Oa, is a 
brown powder formed by adding potassium hj’droxide to a 
solution of auric chloride. The hydroxide can bo obtained pure 
by precipitating auric chloride with magnesium carbonate, the 
preeipitalo being freed from magnesium carbonate by washing 
with dilute nitric acid. Part of the auric hydroxide is left 
undissolvcd in the pure state. 

Auric hydroxide is amphoteric. With strong bases (KOH, 
etc.) it gives the well-known meta-aurate. 

KOH + Au(OH) 3 —^KAuOa + 2H2O. 

Crystals of the compound KAuOj.SHaO are obtained on 
evaporating the solution. 

Of the salts formed from the oxide AU 2 O 3 functioning as a base, 
the most important is auric chloride. This is formed during the 
solution of gold in aqua regia, also by the direct action of chlorine 
upon gold. Its tendency to complex formation is very marked. 
With hydrochloric acid it forms chlor-auric acid, H(AuCl 4 ), 4 H 20 , 
whilst the alkali chlorides give rise to comple.x salts such as 
NaAuCl4,2H20, 2 I'lAuC 14 ,H 20 , etc. Tho solution obtained 
by dissolving auric chloride in water has all the properties of 
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a complex acid of the formula H^fAuCIaO). Red crystals of 
this composition aro obtained on evaporating the solution. 
On heating auric chloride breaks down into aurous chloride and 
chlorine. The addition of an excess of potassium cyanide to a 
solution of auric chloride leads to the formation of potassium 


auri-cyanide. 

4KCN + AuCl, ^K[Au(CN)4] + 3KC1. 

This solution, as well as that of the corresponding aurous com¬ 
pound, is used in electroplating. Auric sulphide can only bo 
formed with difficulty. It has been prepared by the action of hy- 
drogen sulphide upon dry lithium auric chloride, LiAuCli. Hydro- 
gen chloride is set free and the lithium chloride is washed out 
with alcohol. Auric sulphide breaks down at once on treatment 
with water, yielding a mixture of gold and the lower sulphides^ 

If a solution of stannous chloride is added to a solution of 
sodium chloraurato, NaAuCL, reduction of tho chloraurate to 
metallic gold takes place, while the stannous chloride is oxidised 
to stannic chloride. 

2 NaAua 4 + 3SnCl2->2Naa -f2Au i d-aSnCl, 

SnCl, -f 4HOH ^Sn(OH), \ -b 4HC1. 

Immediate hydrolysis of tho stannic chloride Uxkcs place, with 
tho precipitation of stannic hydroxide. As this substance 
separates out, it takes with it tho gold, which had remained m 
a colloidal state. The colour of tho precipitate ranges from red 
to violet, according to tho conditions of precipitation. 
forma the so-called Purple of CassiuSt which is used for gi mg 
porcelain. 


Questions 

1. Give an account of tho chemical ond phj-sical phenomena involved 

in silver-olcctroplutinK. , i» 

2. SUrting with on alloy of eilvcr and copper, how 

a Romplo of pure silver nitrate t What is tho oction o „„.mnniiirn 
substances u^n a solution of silver nitroto: (°) 

hydroxide, (c) sodium hydroxide, (d) zinc, [e) d.luto hj-drochlor.c acid, 
if) concentrated hydrochloric acid ? 

3. Give an account of tho metallurgy of copper. «,v*ncatiim 

4. Discuss whot happens when o concenlrotod solution of potossmm 

chloride is added to a doop-groen solution of copjfwr clilon * , 

C. Discuss whot hoppoiui when ommonium hydroxide is slowly added 

to a solution of copper sulphate. . 

C. Compare the oxide* and compounds of silver and ^ol^^ 

7. Show how the oxides of goir^omo less basic wUh tl^ 
oxygen content of tho oxide. Use this foct to compare th I 

compounds derived from tho oxides of gold. 
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R. Silver rliloride dissolves in solnt 
Slum <*yarn(le, sociiiiin clilorido (if 
Jiriefly account for those facts. 


ions of ammonium hydroxide, potos- 
strong), and sodium thiosulphate. 


0. an account of the chemistry of photography. 

10. Give n genonU method for reducing the'cupric*compounds to the 
eliro^ride ' method to the preparation of cuprous 


11. Discu.<vs the ionic reactions involved wlien solution.s of potassium 

chloride are mixed, tho former in considerable excess. 

12 . \\ hat )s tho action of heat upon («) silver oxide, (6) cuprous oxide, 
(c) silver nitrate, (d) cupric nitrate, (c) cupric cliloride. {/) auric chloride ? 

Id. \\ hat examples of <loublo salt and complex salt forinotion does the 
Study of the compounds of copper reveal ? 

? #S ^ ^ ^ ^ - __ A * A J . ♦ . A of (Iroup 1 a and In, and indicate tho 

juatiljcation (or othorwiso) for grouping those sub groups together. 



CHAPTER XXXIII 


GROUP 2A: 

BERYLLIUM, MAGNESIUM. CALCIUM, 
STRONTIUM. BARIUM 

These elements, of wliieh the hist three are often referred to as 
the alkaline earth elements, form a family, the properties of 
which show the same general gradation as has been noted for 
the alkali metals. Group lA. With increasing atomic weight 
there is a steady increase in the basicity of the liydroxide. 
Beryllium hydroxide is amphoteric, barium hydroxide is a strong 
base. The strength of the hydroxides of caleium, strontium 
and barium is testified to by the strong electrolytic dissociation 
which these bases undergo when in aqueous solution. Again, 
the hydroxides liecomc more stable towards heat as one jiasses 
from beryllium to barium; caleium hy<iroxide is easily dehy¬ 
drated, but barium hydroxide does not part with water at a 
red heat, it merely melts. The solubility of the hydroxides 
increases steadily with the atomic weight of the elements of this 
group. The solubility of the sulphates is, however, in the 
inverse order, barium sulphate being the least soluble, J)eryIlium 
sulphate the most soluble {100 grams of water 18° dissolve 
approximately 100 grams by weight of beryllium sulphate, but 
only 0 00023 gm. of barium sulphate). The elements themselves 
display a similarity to the elements of the alkali group, except 
that they are somewdiat less reactive. This is particularly so 
with beryllium. Beryllium docs not react with water even on 
boiling ; hot water is slowly decomposed by magnesium, rapid y 
by calcium, strontium and barium, but in no case is the energy 
of the reaction sufficient to cause the escaping gas, hydrogen, to 
inflame. The carbonates arc all insoluble in water, but wit 
the possible exception of beryllium, soluble bicarbonates are 
formed in the presence of an excess of carbon dioxide. Tho 
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carbonates sljow an ijicrcasinji reluctance to part with carbon 
dioxide as the atomic wei/^lit of the metal increases. The action 
of heat u]>on the nitrates of tlic elements of this group is also 
worthy of note. In all cases the nitrate breaks down into the 
oxide, giving off oxygen and nitrogen tetroxide. This reaction 
distinguishes them from the alkalie.s with which they othcr\\iso 
have niucii in common, and brings them more into line with the 
heavy metals : 

cf. 2 Pb(X 03 ) 2 -> 2 PbO f 2 X ,04 + 02 . 

Beryllium 

The position of beryllium, also known ns glucinum, in the 
Periodic I able, intermediate between the strongly metallic 
element, lithium, and the metalloid, boron, accounts for the weak 
nature of beryllium hydroxide as a ba.se. The salts derived 
from beryllium oxide and hydro.xidc are those given by n typical 
divalent metal, e.g. lieCU, Ih^NOj),, but the e.xtreme weakness 
of this basic oxide accounts for the ease with which these salts 
arc hydrolysed. The warming of the nitrate to 100'' forms the 
basic salt Be{X 03 ) 2 ,Be{ 0 H) 2 , 2 H;. 0 . Jloreover, the amphoteric 
nature of the hydroxide leads to the existence of another type 
of salt, the beryllate.s : 

Be(0H)2d-2Xa0H-^Xa2Be02+2H20. 

This amphoteric behaviour, coupled witli the ease with which 
the carbonate breaks down into the oxide, led chemists to assign 
a false position to this element in the Periodic Table. It was 
at first held to be a member of the third group, allied to alumin¬ 
ium, but subsequent work soon allotted to it its correct position 
in the vacant place existing at the head of Group 2. The 
methods of preparation of the metal and its salts resemble strongly 
those described for its analogue, magnesium {q.v.). The pro¬ 
perties of the salts of beryllium differ but little from the pro- 
])crties of the corresponding salts of magnesium, except in so 
far as the weaker basic natiire of berj'llium hydroxide causes a 
modification in the specific properties of the salt. 


Magnesium 

Occurrence. Magnesium is w'idely distributed in nature 
as carbonate (magnesite, MgCOa, dolomite, MgCOg.CaCOa), 
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chloride (bischofRtc, MgClj.GHjO, carnallite, MgCljiKCl.CHjO), 
sulphate (kieserite, MgSOi.HjO, schonite, K;S 04 ,lMgS 04 , 6 HjO, 
kainite, MgCl j,MgS 04 ,K,S 04 ,r)H, 0 ), as well as in many silicates, 
such as enstatite, asbestos, talc, olivine (MgjSi 04 ). 

Isolation of the Metal.—Magnesium is prepared by the 
electrolysis of anhydrous fused carnallite. The electrolysis is 
effected in an iron pot which serves as a cathode, the anode 
being of carbon. The older chemical process, based upon the 
reduction of the chloride with sodium, is being steadily displaced. 

MgCl, +2Na^2Naa +Mg. 

The element is often pressed into wire or ribbon, while hot 
and put on the market in that form. 

Properties.—Magnesium is a brilliant whito metal when 
freed from the superficial layer of oxide with which it is generally 
covered. It remains bright in an atmosphere of dry oxygen, 
but tarnishes rapidly in the presence of moisture. It attacks 
hot water, liberating hydrogen. Dilute acids dissolve it freely. 
Magnesium burns freely in carbon dioxide, reducing it to carbon. 
Metallic magnesium combines with nitrogen on heating, forming 
the nitride: 

3Mg+N,^Mg3N„ 

hence its use in separating nitrogen from argon. 

As an clement, it must bo classed among the more reactive 
ones. It forms a carbide, a silicidc, Mg-Si.MgSi, boride, MgjB,, 
sulphide, MgS and hyicsulphido, Mg(HS)a, sclenido, MgSo 
and possibly a hydride. The vigour with which it combines 
with oxygen has led to its use in flashlight photography, as 
well as in fireworks. 

Oxide and Hydroxide .—Magnesium oxide is prepared by 
the decomposition of the carbonate, or hydroxide or by the 
hydrolysis of magnesium chloride, brought about by the action 
of steam upon the fused chloride : 

MgCl, -h H,0->MgO + 2HC1. 

Again, the mother liquor from the Stassfurt deposits, rich in 
magnesium chloride, is treated with milk of lime, and the 
resultant hydroxide decomposed. 

Owing to its infusibility, magnesium oxide is used extensively 
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for cnicil)ics and for lining furnaces, generally in the form of 
bricks made from magnesite or dolomite. 

Mngncsiiun hydroxide is feebly alkaline in reaction and only 
slightly soluble. It can be prepared by adding a solution of a 
strong base to a dissolved salt of magnesium. 

If ammonium hydroxide is added to a solution of magnesium 
chloride, a precipitate of magnesium hydroxide separates ; 

MgCIad-2NH40H Mg{OH)2-k2NH^Cl. 

This precipitate redissolves if more ammonium chloride is added, 
from whicli result one may rightly infer that before the addition 
of this ammonium cliloride precipitation of the magnesium 
hydroxide was only partial, i.e. an equilibrium was set up. 

In order to throw magnesium hydroxide out of solution, it 

is necessary that the solubility product of this substance should 

be exceeded, i.e. f^^g-The addition of 

ammonium hydroxide, weakly ionised though this base is yet 

introduces sufficient hydroxyl ions to enable the solubUity 

product of tlie magnesium hydroxide to be exceeded, and the 

precipitate separates out. How, then, docs the ammonium 

chlondo drive the precipitated magnesium hydroxide back 

into solution ? The answer to this question is bound up in the 
equations : 

NH 4 OH ^ NH 4 + -f OH- 

NH.CI^NH,- +C1-. 

The dissociation of tlie ammonium hydroxide is very small 
(0-4 per cent, for a N. solution), whilst the salt, ammonium 
chloride, is strongly dissociated (N. solution is 75 per cent, dis- 
sociated). The high concentration of ammonium ions, brought 
mto the solution by the introduction of the highly ionised 
ammonium chloride, consequently throws back the dissociation 
of ammonium hydroxide, i.e. the equilibrium : 

NH^OH^NH,-*- +OH- 

is driven over to the left, and such a reduction is thereby brought 
about in the concentration of the hydroxyl ions that the solu¬ 
bility product (Mg++)(OH-)2 no longer exceeds and the 

precipitate passes back into solution. The same conclusion 
can be arrived at by considering the action of ammonium 
chloride upon a saturated solution of magnesium hydroxide ; 
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Mg(OH), 

Solid. 


Mg(OH).^Mg** +20H- 

Dissolved. 

2NH4Cl^r:±2Cl- +2NH,-" 


22NH4OH 


When ammonium ions are created in the solution by the dis 
sociation of the added ammonium chloride, the equilil)rium 


NH 4 OH ^ NH** + OH- 

must be established between the ammonium ions from the 
ammonium chloride and the h 3 ’droxyl ions from the dissolved 
magnesium hj'droxide; and owing to the weakness of the 
ammonium hydroxide as a base, this equilibrium is not attained 
until a marked reduction in the concentration of the hj’droxjd 
ions is effected. In order to restore the equilibria defined in the 
upper equations, more of the undissociated magnesium hydroxide 
must dissociate and more of the solid therefore passes into 
solution. The greater the amount of ammonium chloride added, 
the more magnesium hj’droxidc will be taken into solution. 


Magnesium Chloride.—Although this salt occurs naturally 
it is generally obtained from the mother liquor of carnalUte, 
after the potassium chloride has crystallised out. If carnallito 
(MgCl„KCl, 6 HjO) is treated with a small quantity of water 
at 25®, decomposition of the double salt occurs, and about 85 
per cent, of the potassium cliloride is thrown out of solution. 
Magnesium chloride is worked up from this mother liquor. 

On heating hydrated magnesium chloride loses appreciable 
quantities of hydrogen chloride o^ving to hydrolysis. The usual 
plan of carrying out the dchj’dration is in an atmosphere of 
hydrogen cliloride. 

Many attempts have been made to utilise the waste liquors of 
the Stassfurt deposits as a source of hydrochloric acid and 
chlorine. The preparation of hydrochloric acid is based upon 
the strong hydrolysis of the chloride on heating. 

2Mga, + H,0->MgO,MgCU + 2HC1. 

The evolution of chlorine is brought about by acting upon the 
heated chloride with air and steam : 


4Mga, 4- 2H,0 + 0,^4Mg0 +4Ha + 2C1,. 

Magnesium Sulphate.—The common form of this salt is the 
heptahydrate (Epsom Salts), but as in the case of the chloride, 
quite a number of hydrates can be obtained. The sulphate in 
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combination with 1. 4, 5, 6 , 7, 12 molecules of water of crvstal- 
lisaticni lias been rejiorted. 


Magnesium Carbonate.—The normal carbonate occurs 
naturally, but can also be obtained in various hydrated forms 
by crystallising a solution of the carbonate dissolved in an 
aqueous solution of carbon dioxide. 


The carbonates precipitated by the action of an alkali carbonate 
are basic. In this case the precipitate seems to be a mixture of 
the normal carbonate with the hydroxide, thrown do^^'n through 
the Iiydrol^'sis of the alkali carbonate : 


NajCOa + HOH ^ NaHCOj + NaOH 


2Na+ +CO 3 - H-OH- —> Na+ H-HCOa" Na+ +OH- 

Tho solubility product of magnesium hydroxide is so low that 
the concentration of the hydroxyl ions present in an aqueous 
solution of sodium carbonate is sufficient to cause the separation 

of appreciable quantities of magnesium liydroxido along with 
magnesium carbonate. 

Magnesium Sulphide.-The sulphides of magnesium exhibit 
no conspicuous difference from those of calcium (g.v.). 

Magnesium Phosphates.—The insolubility of viagnesium 
nmmmHum phosphate, MgNH 4 P 04 .GH ,0 is made use of in esti¬ 
mating magnesium. It is thrown down on treating a solution of a 
inagnosium salt with a mixture of ammonium hydroxide and 
sodium phosphate. On ignition the phosphate decomposes 
into llie pyrophosphate, in which form it is weighed. 

2MgNH4P04,r)H,0->Mg,P.A-(-13H,0-h2NH, 

Calcium, Strontium and Barium 

Occurrence.—These elements all occur in the form of 
carbonate, e.g. limestone, CaCOj, strontiaiiite SrCOj, witherite 
BaCOa. Tlio sulphates are also widely distributed ; gypsum 
CaS 0 *, 2 H 30 , celestine SrS 04 , barytes or heavy spar, BaSO*. 
Calcium is also found in the form of fluorspar and phosphate 
[phosphorite Ca^{YO,)^, apatite 3 Ca 3 (P 04 )*,CaF,]. 

Preparation of the Metals.—These metals were Brst 
isolated by Davy by a method analogous to that used for the 
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isolation of the alkali metals. A piece of the hydroxide was 
placed on a strip of platinum which served as anode, the cathode 
being a drop of mercury in a depression on the surface of the 
hydroxide. After the electrolysis the amalgam was distilled 
in a hydrogen atmospliere and the alkali earth metal remained. 
In the modern method the difficultly fusible hydroxide is replaced 
by the more easily fusible chloride. Calcium is the only element 
of the three which is prepared on the commercial scale, and 
even that has a very limited application. 

In the electrolysis of calcium chloride the anode consists of 
an iron or carbon pole, the cathode is an iron rod which just 
dips below the surface of the electrolyte, which is maintained at 
a temperature of 780-800°. As the electrolysis proceeds, the iron 
cathode is slowly raised, the adhering calcium then serving as 
cathode. The metal is obtained in a massive, coherent form, free 
from any impurity except an adhering film of calcium chloride. 

Properties of the Metals.—The metnls arc silvery white 
crystalline substances which react very vigorously with water 
as well as witli dilute acids. They reduce fuming sulphuric 
acid to sulphur, concentrated sulphuric acid to hydrogen sulphide. 
When heated they combine with hydrogen, oxygen, nitrogen, 
the halogens, sulphur and carbon, while they reduce carbon 
dioxide, forming the oxide of the metal and also the carbide. 

Hydride and Nitride.—The hydrides and nitrides of cal¬ 
cium, strontium and barium are obtained by the direct com¬ 
bination of the elements, or by passing the requisite gas over an 
amalgam of the metal (general formula of these compounds 
MH„ M,N,). The temperature required to induce the formation 
of the hydride incretises rapidly in passing from calcium to 
barium. Calcium hydride, CaH,. is formed at a dull red heat, 
strontium hydride at a bright red heat, barium hydride only at 
a temperature above 1,200°. 

The hydrides decompose on treatment with water or d u 
acids, e.g.: 

CaH, + 2H,0^Ca(0H), + 2H*. 

Calcium hydride is sometimes used commercially for the pre¬ 
paration of hydrogen. 

The nitride of calcium, etc., as do aU other nitrides, breaks down 
on treatment with water, and yields a hydroxide and ammonia . 

Ca,N, + 6H.O-^3Ca(OH), + 2NH,. 
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If it were only possible to make metallic calcium cheaply, calcium 
nitri<le would form an excellent means of making the huge 
stores of atmospherie nitrogen available for plant life. 

Carbonates.—Of the three carbonates that of calcium stands 
o\it in importance, not only from its natural importance, but 
owing to its commercial applications. It is extensively distri¬ 
buted as limestone, an irregularly crystalline mass, as the 
dehmtely crystalline marble, as challc, a deposit consisting of 
the calcareous skeletons of shell fish, coral insects, etc., and as 
the definitely crystalline calcite and aragonite. Calcite be¬ 
longs to tlic hexagonal system, occurring in a variety of forms. 
Wlien transparent and colourless, it oxiiibits double refraction 
and is known as Iceland Spar. In this form it is used a great 
deal for polarising light. Another crystalline form is aragonite. 
^^•Inch belongs to the rhombic system. This modification 
although occurring freely in nature, is really in a state of insta¬ 
bility at ordinary temperatures, tending to revert to the stable 

form, calcite. The transition temperature aragonite -^ 

calcite lies somewhere about 50^ If calcium carbonate is'^ 
cipitatcil at temperatures above this, aragonite separates out, 
at lower temperatures calcite a]>pcars. The existence of ara¬ 
gonite m nature is an example of the extreme reluctance displayed 
by unstable solids to revert to the more stable form (cf. red and 
yellow phosphorus). 

Oxides and Hydroxides. The carbonates of calcium, 
strontium and barium all dissociate on heating into the oxide 
and carbon dioxide 


MCOj^MO + CO,, 

the extent of the dissociation increasing with the temperature. 
The process is very similar to that of evaporation ; at every 
temperature the carbonate exerts a definite dissociation pressure 
or partial pressure of carbon dioxide [see Chapter XIV, p. 212). 

The following table exemplifies this in the case of calcium 
carbonate : 


TABLE 62. 

Tomp. , 647» 010° 625° 740° 810° 812° 865° 

P.dnm.) . 27 46 66 255 678 753 1,333 

If the partial pressure of carbon dioxide at any temperature 

exceeds the dissociation pressure for that particular temperature, 

combination will occur in the sense of the equation 

CaO+CO, ^CaCO,. 
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until the pressure of the carbon dioxide has fallen to the equili¬ 
brium value for that temperature. At 812° the pressure is 
almost equal to that of an atmosphere. If the calcium carbonate 
is heated in open vessels, the carbon dioxide generated by the 
dissociation will escape, the dissociation pressure will not be 
reached, and the carbonate will continue to dissociate. In 
order to obtain the oxide from the carbonate most easily, it is 
therefore necessary to carry out the dissociation under such 
conditions that the carbon dioxide w’ill not be able to reach the 
equilibrium pressure for that temperature. This is best done 
by heating the carbonate in a suitable furnace or kiln through 
which a steady draught finds its way. As is only to be expected 
from the stronger basic nature of the oxides of strontium and 
barium, the carbonates of these elements are much less dis¬ 
sociated under similar conditions of temperature than is the 
carbonate of calcium. The oxides of strontium and of barium 
are therefore obtained by special means. 

The kilns in which calcium carbonate is broken down into 
lime are charged with limestone and a fire started. The resulting 
rise in temperature, coupled with the draught of air which 
removes the carbon dioxide from the sphere of action, effects 
the decomposition into the oxide. Another method wliich is 
largely used abroad to reduce the concentration of carbon 
dioxide and so facilitate the dissociation is to mix the limestone 
with coal in alternate layers. The action of the coal is twofold , 
by its combustion the necessary heat is generated, while the 
excess of coal present reduces the carbon dioxide to carbon 
monoxide, thereby lowering its partial pressure and aiding 
the dissociation. 

The oxides of strontium and barium can bo made on the 
commercial scale from their carbonates by taking advantage of 
this method of helping the dissociation. The carbonates are 
mixed with powdered coal, and fired in specially constructed 
kilns. 

Strontium and barium oxides can also be obtained by the 
reduction of the sulphate with coal and subsequent interaction 
with steam at a red beat. 

BaSO* -f 4C -> BaS + 4CO 
BaS d-H ,0BaO + H ^ 

The oxides of the ftlhali earth elements are all white, amorphous 

M M 
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powders wlikdi melt only in the intense heat of the electric oven. 
When the o.xide is treated with water, reaction take.s place, the 
violence of the reaction increasing with the atomic weight of the 

metal. If the addition of the water is made carefully, the dry 
liydroxide is obtained. 

The addition of water to calcium oxide (quicklime) to form 
slaked lime is exemplified in the equation 

CaO + H,O^Ca(OH)2. 

Calcium hydroxide (slaktd lime) is easily dehydrated by heat. 
Its dissociation pressure at 350“ amounting to 100 mm. of mercury. 
l>ut at this temperature the tension of the aqueous vapour 
above barium hydro.xide is negligible. 

The hydroxides of the alkaline earth elements are strong 
bases ; this, combined with its cheapness, accounts for the 
extensive use of calcium hydroxide in industry {see preparation 
of potassium chlorate, etc.). A suspension of calcium hydroxide 
m water is often used industrially, and is known as milk of lime, 
ilic solubility of calcium hydroxide decreases with the tempera¬ 
ture. (At 0“ 0131 gm. Ca(OH )2 dissolves per 100 gm. water, 
at 100“ 00(10 gm.) The solubility of barium and strontium 
liydroxides increases with rising temperature (at 0“ 1-5 gm. of 
BaO dis.solvc jier 100 gm., at 80“ 90-77 gm.). 

If carbon dioxide is passed through a solution in which solid 
calcium carbonate is suspended, considerable quantities of the 
carbonate pass into .solution. It has been shown that practically 
the whole of the calcium exists in the form of the soluble bicar¬ 
bonate. A solution, saturated with carbon dioxide at atmo¬ 
spheric pressure, contains 1-3 gms. at 13-2“. Evaporation of such 

a solution does not yield the solid bicarbonate, owing to the 
reaction : 


Ca(HC03)2^CaC03i + 00^1 +H 3 O. 

Pure water at IG“ dissoU'es only 0-013 gm* of calcium carbonate. 
It is reported that calcium bicarbonate has been isolated by the 
action of a solution of potassium bicarbonate on a solution of 
calcium chloride at 0®. 

The equilibrium defined in the above equation plays a great 
part in the sculpture of the earth’s crust. Rain water, charged 
with carbon dioxide, removes in solution large quantities of 
calcium bicarbonate from beds of limestone. In this way large 
underground caves are often formed in such beds. Very often, 
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too, as the water with its dissolved salt drops from the roof of 
the cavern, the equilibrium expressed in the equation 

CaCOj 4- CO, + HjO ^ CalllCO,), 

is disturbed by the escape of some of the carbon dioxide. Tiiis 
is due to pressure and temi)erature changes. 2 \s soon as the 
carbon dioxide escapes a deposit of calcium carbonate is thrown 
down. In this way stalactites slowly grow from the roof, and, 
where the drippings strike the floor, a slow growth of stalagmites 
takes place. 

Hard Water.—The geological importance of the soluble 
calcium bicarbonate, formed by the action of water charged 
with carbon dio.xide upon beds of limestone, is enormous. With 
the erosive action of such water upon beds of limestone we are 
not here concerned, but the presence of the soluble calcium 
bicarbonate in natural waters has a great influence upon the 
utility of such water. 

Water containing dissolved salts of magnesium and of calcium 
is called luird uxiter, the term being applied owing to the difliculty 
of securing a lather with soap. Soap is a sodium or potassium 
salt of an organic fatty acid. When soap is treated with water 
containing dissolved salts of calcium or magnesium, interaction 
tiikcs place with the precipitation of the insoluble calcium or 
magnesium salt of the fatty acid. The insoluble precipitate is 
the well-know'n scum given by hard waters wiicn they arc used 
for detergent purposes. The formation of tlie scum continues 
until the whole of the dissolved magnesium and calcium salts 
has been precipitated ; then and only then does the soap begin 
to lather. In analysis the hardness of water is expressed in 
degrees of hardness, which may be defined as the number of grains 
of calcium carbonate (or its equivalent in other salts) present per 
gallon of w’ator. 

Hardness of water is often referred to os of a temporary or a 
permanent nature. Temporary hardness is rcaclily removed by 
one of two methods : 

1. The water is heated, when the reaction 

Ca(HCO,),-^ CaCO, + H,0 CO, 

sets in. The carbon dioxide which is responsible for holding 
the calcium carbonate in solution and thereby rendering the 
water hard, is expelled by the boiling. 
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2. Tlic water is treated with a suitable base, c.g. slaked lime, 
to remove the excess of carbonic acid which is rendering the 
calcium carbonate solul)le : 

Ca(HC03)2 + Ca(0H)2 ^ 2CaC03 i -b 2IK0. 

The precipitated carbonate is allowed to settle and the clear 
liquid decanted ofT. 

Pennanent hardness, which arises from the presence of the 
dissolved sulphates and chlorides of calcium and magnesium, 
is more difTicult to destroy. It can be effected most readily 
by the addition of sodium carbonate : 

CaSO, + Na,C 03 ^CaC 0 , i + Na,S 04 . 

Temporary hardness is also removed by tlie addition of sodium 
carbonate. The familiar use of washing soda (NajCOajlOHjO) 
is based upon these reactions. 

One of the most important of the nuHlern methods of softening 
water is based upon the use of pcrmutHc, an artificial zeolite or 
complex sodium silicate. If hard water is allowed to flow over 
coarse lumps of perrnutite, the whole of the calcium and mag¬ 
nesium is removed from the water in the form of an insoluble 
perrnutite. The sodium passes into solution and the exchange 
is complete. On the other hand, when the ijcrmutito ceases 
to be effective, regeneration can be brought about by passing a 
weak solution of common salt through the calcium perrnutite 
whereby the sodium compound is reformed. 

Another interesting process is the use of corrugated aluminium 
plates. Apparently colloidal aluminium is carried into solution, 
and during its coagulation carries down the salts of calcium and 
magnesium. 

The necessity of getting rid of the hardness of water before 
use in a boiler arises from the fact that the precipitation of the 
insoluble salts of calcium and magnesium leads to the formation 
of the boiler scale. The appearance of the scale within a boiler 
causes a marked decrease in the efficiency, as the boiler scale 
is a bad conductor of heat. This scale is also apt to crack away 
from the iron surface, especially if the water in the boiler gets 
low. The introduction of water at this stage may well lead to 
the bursting of the boiler. The presence of hard water in boilers 
is also responsible for corrosion, especially if the chlorides and 
nitrates of calcium and magnesium are present. This is due to 
the acid set free by the hydrolysis of these salts. 
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Mortar.—Mortar is made by mixing slaked lime and sand to 
a thick paste with waU*r. The setting of the mortar was thought 
to bo due to the reaction : 

Ca (OH),CO 2 -H^CaCO 3-r H ,0. 

but this is now held to be quite a superficial reaction. The 
main hardening is due to the drying out of the colloidal plastic 
lime-sand mixture into a firm amorphous mass. The sand acts 
in a purely ])hy.sical way in preventing undue shrinking when 
the carbonate forms. But for the presence of the siind, cracks 
would develop as the setting progresses. 

Cement.—<>ment is made by heating together a mixture 
of limestone and clay until the mixture nearly sinters. The 
whole is then ground to a fine powder. When the cement is 
mixed with water, it sets to a hard stone-like mass. This 
sotting appears to be a somew’hat complex chemical reaction ; 
probably the main reaction is the formation of calcium alumin¬ 
ium silicates. Carbon dioxide plays no part in the setting of 
a cement, in fact the hardening of a cement proceeds just as 
smoothly under w'atcr as in the air. 

Peroxides .—Barium peroxide is the best know’n of these 
compounds. It Ls prepared by the direct oxidation of barium 
oxide at a liigh temperature, though, as the oxidation proceeds 
with tlie evolution of heat, the equilibrium : 

2Ba0 + 0,^=^2Ba0, 

will he shifted to the left with rising temperature. 

The dissociation of barium peroxide into barium oxide and 
oxygen is fundamentally the same as the dissociation of calcium 
carbonate. In both cases tho pressure of the evolved gas is 
constant for any chosen temperature. 

2BaO,^=^2BaO + 0, 

CaCO, ^CaO+CO, 

Tho dissociation pressures for barium peroxide are given below : 


TABLE 53 


Temp. 
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Rarium poroxicle is prepared toclinically by heating barium 
carbonate and coal in an oven at 1,200^ Tlie barium oxide so 
formed is cooled in a stream of air to the neighbourhood of 500'’ 
—a temperature at which the dissociation i)ressure of tlie per¬ 
oxide is very small, hence the monoxide is almost completely 
oxidised to the peroxide. Other technical methods arc tlio 
breaking down of barium nitrate, and the heating of barium 
carbonate with barium carbide. It is essential that the barium 
oxide first formed should be in a fine state of division. 

The ease witli which the barium oxide absorbs oxygen at 
500® and the marked influence of temperature and pressure in 
promoting the dissociation of the peroxide has been responsible 
for the use of this substance as a means of obtaining oxvgen 
from the air {see Brin’s process for manufacturing oxvgen, 

p. 60). 

If barium peroxide is treated with water, a crystalline hydrate, 
BaOj.HH jO, is formed. This hydrate can also be prepared by the 
action of hydrogen i)eroxidc upon barium hydroxide. Jli/dratcd 
slroiitimn and calciuni ptroxidcs can be prej>ared by a similar 
method. Cautious heating of the hydrated peroxide of these 
elements at 100-120° yields the pcro.xide itself, CaOa and SrO^. 
Neither of these peroxides can be prepared by the direct action of 
oxygen upon the oxide. Both calcium and strontium peroxide 
break down at high temperatures, yielding oxygen and the 
ordinary oxide. 

Halides .—Calcium chloride occurs as a by-product in many 
important operations, e.g. the manufacture of ammonia from 
ammonium chloride, the chemical method of preparing potassium 
chlorate, so that the direct preparation from marble (CaCOa) 
and hydrochloric acid is rarely resorted to. The interesting 
feature about this salt is the number of hydrates which it 
yields. The solubility curve for calcium chloride illustrates 
this (Fig. 130). 

In this graph every point of intersection indicates the condi¬ 
tions of temperature and concentration where two solids exist 
side by side. Each hydrate has perfectly definite limits of 
temperature and concentration within which it and it alone can 
e.xist in a stable state. Moreover, each hydrate has its own 
definite vapour pressure which is fixed for each temperature. 
The conditions under which the various hydrates are formed 
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at some constant temperature by an increase in the vapour 
pressure, are exactly as already discussed for the hydrates of 
copper sulphate (p. 98). 

If the hydrates of calcium cliloride are heated, hydrolysis 



leads to the escape of appreciable quantities of hydrogen chloride, 
and the fused mass contains considerable quantities of the 
oxide. In order to avoid this as far as possible, the usual device 
is resorted to of carrying out the dehydration in an atmosphere 
of hydrogen chloride. This is generally acliievcd by adding 
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concentrated hydrochloric acid before the highly concentrated 
solution is heated strongly. The evolved hydrogen chloride 
possibly also aids in imparting a desirable porosity to the sub¬ 
stance. The avidity with which combination ensues between 
water and calcium chloride, coupled with the very low pressure 
of the hydrates formed from this substance, is responsible for 
the extensive use of this reagent for the absorption of aqueous 
vapour. Absolute dryness is, however, not obtained, for every 
hydrate has its own fixed vapour pressure for every temperature, 
and it is obviously impossible for the partial pressure of the 
aqueous vapour to be lowered below that of the hydrates which 
are present in the drying tube. Thus, at 36-5° CaCl 2 , 2 H 20 in 
contact with CaCIj.HjO, has a vapour pressure of 4 mm. A 
more efficient drying agent is concentrated sulphuric acid. 
This is because the lowest hydrate of sulphuric acid has a smaller 
vapour pressure than the lowest hydrate of calcium cliloride. 
The vapour pressure of meta-phosphoric acid (HPO3) is 
immeasurably small so that phosphorus pentoxido forms our 
best drying agent. 

Strontium chloride is prepared from the carbonate (strontianitc) 
by the action of hydrochloric acid or from the sulphate by the 
method described for barium chloride. It can be obtained in the 
anhydrous form, also as a di- and hexa- hydrate. The latter 
hydrate is isomorphous with the hexahydrato of calcium 
chloride. 

Barium chloride is prepared commercially by melting together 
barytes, mixed with coal, and calcium chloride : 

BaSO* + CaCl, + 40-?. Bad 3 + CaS + 400. 

The mixture is kept molten till the blue flame of the carbon 
monoxide ceases to be seen. The cooled mass is rapidly extrac- 
ted with water in order to extract the soluble barium chloride. 
Another method is to pass hydrogen chloride over a glowing 
mass of barytes and coal. 

Barium chloride differs both from strontium chloride and from 
calcium chloride in not being at all hygroscopic. It forms two 
hydrates, the mono- and the di-hydrate, both of which can be 
completely dehydrated without the loss of hydrogen chloride 
(cf. calcium chloride). This is due to the stronger basicity of 
barium hydroxide as compared with calcium hydroxide. 

Both calcium and strontium chlorides form definite compounds 



CALCIUM, STRONTIUM, BARIUM 637 

with ammonia, no evidence concerning a similar 

compound for barium chloride is knowm. 

Bromides, Iodides, Fluorides .—The bromides and iodides of 
calcium, barium and strontium call for little comment. Like 
the chlorides, they are all freely soluble in water and also give 
rise to a number of hydrates. 

Of the fluorides that of calcium occurs naturally as fluor¬ 
spar or fluorite in the form of cubes and octahedra. This is the 
most widely spread of all minerals containing fluorine, and 
therefore finds extensive use in the manufacture of hydro¬ 
fluoric acid (g.v.). Natural specimens are often beautifully 
coloured, others show a well marked fluorescence on heating. 
Calcium fluoride is difficultly soluble in water and may therefore 
bo prepared by double decomposition. It is used in metallurgy 
as a flux. 

Barium and strontium fluorides are also somewhat insoluble, 
though less so than the calcium salt. 

Sulphates.—All the alkaline earth elements are found in 
nature as sulphates, but calcium sulplmte is the most widely 
spread. Tills salt occurs in large masses as anhydrite, CaS 04 
(rhombic), and also as gypsum CaS 04 , 2 Hj 0 . Clean fine¬ 
grained masses of CaS 04 , 3 Hj 0 are known os alabaster. Besides 
these modifications there is no doubt that a more soluble form 
of anhydrite can be prepared by artificial means, whilst the 
hemihydrate, 2 CaS 04 .H* 0 , is also known. The solubility 
method for investigating the temperature at which these salts 
pass one into the other is of little use, as their solubility is too 
small. Other methods have shown that at 107° there is a sharp, 
well-defined transition point above which the hemi-hydrate is 
stable, and below which the dihydrate is the stable phase. 

107 *" 

CaS0*.2H,0 ^ 2 CaS 04 ,H, 0 . 

The soluble anhydrite is obtained by warming precipitated 
calcium sulphate in vacuo at 80-90° in the presence of sulphuric 
acid. It is more soluble than the natural anhydrite, and has 
the property of combining with water with extreme rapidity 
and vigour. 

Plaster of Paris is made by heating gypsum to about 120 
until nearly all the water of crystallisation has been expelled. 
The resultant mass consists of a mixture of the anhydrous 
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sulphate, tho homi- ami the di- hydrate. On forming a plastic 
mass of plaster of Paris with water, rapid combination ensues 
and tlie change into the diliydrate is accompanied by a sufficient 
e.\pansion to enable a sharp cast to be made of any mould in 
uhich the plaster sets. 

Ihc explanation of the setting is to bo sought in the fact that 
the three salts present have different solubilities. The two 
phases which are unstable in tho presence of water, viz. the 
anhydrite and the hernihydrate, are more soluble than the stable 
phase, CaSO^.'iHjO. The solution which is saturated with 
respect to the unstable phases is therefore supersaturated with 
regard to the dihydrate, and crystallisation sets in, i.e. the 
crystals of dihydratc grow until a mass of interlocking crystals 
IS produced. The greater solubility of the unstable phase is 
really anotlier expression of the law that the unstable phase 
possesses a greater vajiour pressure. 

If plaster of Pans is lieated strongly, complete dehydration 

occurs : such “ dead burnt ” plaster sets very slowly when 

treated with water, probably owing to the absence of nuclei of 
tho dihydratc. 


Plaster of Paris is 
ornaments, statues, etc 
surgical operations. 


frequently used for obtaining casts of 
as well as for giving rigidity in various 


Calcium sulphate, although soluble in water with difficulty, 
dissolves more freely in the presence of sulphuric acid and such 
sa as ammonium sulphate. Advantage is taken of its solu¬ 
bility m the latter reagent to effect its separation from strontium 
sulphate. As is usual in such cases, the increased solubility is 
to be attributed to the formation of a soluble double salt 

Banuin sulphate is the least soluble of the sulphates of the 
alkaline earth elements, though its solubility in the presence of 
strong acids, especially sulphuric, is considerable. It is highly 
probable that tho increased solubility of the sulphates of barium, 
strontium and calcium in sulphuric acid is due to the formation 
of an acid sulphate, e.g. Ba(HS 04 ),. 

An interesting point has been investigated in connection with 
tho solubility of barium sulphate—the greater solubility of very 
small crystals as compared ^vith the solubUity of more massive 
crystals. It has been showm that, if the size of the crystals is 
less than 0-0001 mm. in diameter, an increased solubUity is to be 
expected. This is a surface tension effect. If crystals of 



CALCIUM, STRONTIOI, BARIUM 


639 


varying size, some of them less than 0 0001 mm., are present in 
a solution, it has been noticed that the crystals of a diameter 
less than the critical size (0-0001 mm.) disaj)pcar. This arises 
from the fact that the solution which is saturated with respect 
to the smaller crystals will be supersaturated with regard to the 
larger crystals. The latter will therefore grow at the expense 
of the former, until the smaller crystals have disapj)eared. 

A somewhat similar phenomenon is observed if a little sulphur 
is heated in a tube. The vapour condenses on the cool portions 
of the walls in the form of liquid, although the temperature is 
much below the melting point. This is an illustration of the 
separation of the unstable phase first (cf. Law of Successive 
Reactions, p. 310). In a few hours it will be seen that some of 
the drops have clianged into crybdals, and wherever a crystal 
has formed, it is seen to be surrounded by a halo. This is due 
to the stable phase (crystal) possessing a lower vapour pressure 
than the unstable liquid drops. As a result of this there is 
distillation from the place of greater i)ressurc to that of lower. 

Occasionally the halo is seen without a central crj'stal, but 
in all such cases it will be observed that the central drop in the 
midst of the halo is a large one. From this we may conclude 
that large drops, i.c. drops above a certain limiting size, possess 
a fixed vapour pressure, but drops of smaller dimensions than 
this limiting size possess a larger vapour pressure, hence the 
distillation. 

Chlorates .—Calcium chlorate is formed during the chemical 
preparation of potassium chlorate (q.v.), but owing to it.s hygro* 
scopic and deliquescent nature, it Ls rarely isolated. Tho 
corresponding barium salt is not hygroscopic and can bo kept 
in tho dry, anhydrous condition. It is used in fireworks. 
“ Greenfiro " is made by tho combustion of an intimate mixture 
of barium chlorate, sulphur and carbon. Barium chlorate can 
be prepared by tho action of chlorine upon a solution of barium 
hydroxide, by neutralising a solution of barium hydroxide with 
chloric acid and by allowing ammonium chlorate to react with 
barium carbonate in alcoholic solution, barium chlorate being 
insoluble in this solvent. 

Sulphides .—Barium sulphide is of considerable technical 
importance. Tho main source of barium is tho naturally 
occurring sulphate, but owing to tho insolubility of this mineral, 
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it has first to be reduced to sulphide before other salts can be 
prepared from it. The reduction is effected by heating together 
barium sulphate and coal : 

BaSO* 4-4C—>BaS + 4C0 

The sulphide can easily be converted into oxide or chloride 
iq.v.). Barium sulphide is soluble in water, but at the same time 
undergoes considerable hydrolytic decomposition : 

2BaS + 2 H 2 O Ba(HS )2 + Ba(0H)2. 

It is therefore less soluble in an alkaline solution than in pure 
water. The sulphides of barium and to a less extent of calcium 
and of strontium possess the property of phosphorescence, 
maintaining their luminescence in the dark, hence their use in 
luminous paints. This property of phosphorescence seems to 

bo dependent on the presence of certain impurities, such as 
bismuth. 

Calcium sulphide is prepared by a method similar to that 
described for barium, 

CaSO* -f- 4C CaS + 4CO, 

also by methods indicated in the following equations: 

2CaO + 3S 2CaS + SO ^ 

2CaO + CS 2 2CaS -f CO ^ 

CaSO^ + 4COCaS + 4CO 2 . 

Its properties resemble those of barium sulphide very closely. 

If hydrogen sulphide is passed through a solution of barium 
or calcium hydroxide, or if barium sulphide is dissolved in water 
containing hydrogen 8uli)hide. crystals of the hydrosulphide 
can be isolated from the solution. The solutions of the hydro- 
sulphides possess the property of dissolving appreciable quantities 
of sulphur, forming polysulphides (cf. the sulphides and hydro¬ 
sulphides of the alkalies). 

Phosphates. Calcium phosphate occurs in several minerals 
in a more or less pure form as phosphorite, CajlPOjj, apatite, 
3 Ca 3 (P 04 )j,CaF 2 , whilst guano also contains considerable 
quantities of calcium phosphate. The importance of tliis 
compound Ues in its use as a fertiliser. Nature has made 
available for plant life supplies of phosphates arising from the 
decomposition of rocks, but the steady depletion of the soil 
by such crops as wheat necessitates the use of phosphatio 
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fertilisers. The phosphatic minerals are not in themselves 
suitable for tliis purpose owing to their insolubility. In order 
to make them readily available to plant life, the mineral j)hos- 
phates (also bone ash, q.v.) are converted into the more soluble 
primary phosphates by the action of chamber acid. 

Ca 3 (P 04 ), + 2 HjS 04 + 5H,0^ 

CaH4(P0*)j,H,0 + 2 [CaS 04 . 2 H, 0 ] 

This so-called “ superphosphate ” is fairly soluble in water and 
by its use a more rapid distribution of the phosphates for plant 
life is effected. 

The secondary phosphate CaHP 04 and orthophosphate, 
Ca 3 (P 04 ), are relatively unimportant. The phosphates of cal¬ 
cium, strontium and barium arc freely soluble in the presence of 
strongly dissociated acids. The explanation of this is similar to 
that put forward to account for the solubility of calcium oxalate 
in a strongly dissociated acid (?.v.). 

Silicates.—The silicates of the alkaline earth elemenU all 
occur naturally. The simplest and most important of these 
naturally occurring silicates i.s wollastonitc, CaSiO* (mono¬ 
clinic). It can also bo prepared by fusing together calcium 
oxide or carbonate with silica : 

CaO + SiOj->CaSiO,. 

Many of the complex silicates, e.g. mica, contain calcium silicate 
as an integral part of their composition. 

Calcium Oxalate.—Calcium oxalate is precipitated by the 
addition of a soluble oxalate to a solution of a calcium salt. 

CaCn, -1- (NH 4 ),C, 04 -> 2 NH 4 C 1 CaC.O. 

The separation of the precijiitated calcium oxalate takes place 
because the product (Ca^'*')(C, 04 “) exceeds the extremely small 
solubility product of calcium oxalate. 

The addition of a highly dissociated acid, e.g. hydrochloric 
acid, to a solution in which calcium oxalate is suspended, causes 
the salt to pass back into solution. The question arises. Why 
does the product (Ca+ + )(Ca 04 ") no longer exceed the solubility 
product ? ” 

In a saturated solution of calcium oxalate the following 
equilibria are set up, 
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CaC, 0 , ^ CaC, 0 , ^ Ca + + + C.O, - 

Solid. Dissolved. 

Owing to tlic extreme insolubility of calcium oxalate one may 
s.ifcly assume that, what little calcium oxalate is present in 
solution, will be almost completely dissociated. If a solution of 
h\<irochloric acid is added to the saturated solution of calcium 
oxalate, wc are, in effect, bringing into the s^'stem undissociated 
molecules of hydrochloric acid in equilibrium with its ions, 

HCI^=±H+ + Gl¬ 
and as hydrochloric acid is a strong electrolyte, it will be widely 
dissociated. After the mixing of the two'solutions, there will 
be present the ions Ca+^C,0*-, H\C1-. But wherever hydro¬ 
gen ions and oxalate ions are present in a solution, the equili- 
brium 

must be established. Combination will at once take place 

between the ions to produce the equilibrium concentration of 

undissoeiated oxalic acid. To what extent will this combination 

take place ? Oxalic acitl is a very weak acid, so that few free 

hj'drogen ions and oxalate ions can remain in solution, i.e. far- 

reaching combination will occur between the ions and 

C2O4 , leading to the formation of undissociated oxalic acid. 
This reaction 

2H^ +C,0.-^H,C,0, 

exerciges a disturbing influence upon the equilibrium, 

CaCjO. ^ CaC^O, ;==: Ca* + + C, 0 .- 

Solid. Dissolved. 

removing oxalate ions, and in order to re-establish this equili¬ 
brium, more of the undissoeiated calcium oxalate must dissociate. 
Ibis leads to more of the undissolved calcium oxalate passing 
into solution. The continued addition of hydrochloric acid will 

therefore lead to the solution of the precipitate of calcium 
oxalate. 

The matter may also bo stated in this w-ay. The effect of 
adding hydrochloric acid to the saturated solution of calcium 
oxalate is to set up the equilibrium, 

2H++C,04-;=±HaC304, 

forcing it to the right, a necessary consequence of the Law of 
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Mass Action. The concentration of the oxalate ions is repressed 
to such an extent that the product (Ca++ )(C 204 ") no longer 
exceeds L^ and calcium oxalate passes back into solution. 
Consider now the system 

CaC304+ 2HCI ^CaClj + H,C,0, 

t u t u 

Ca-^+d-CjO,- 2H++2CI- Ca+++2Cl- 2H-*'+C,0,- 

If by any means one can remove the hydrogen ions from the 
solution, the dissociation 

HaC204^2H+ +C 2 O 4 - 

will bo promoted; if the removal of the hydrogen ions is 
continued, tlic time will come, sooner or later, when the concen¬ 
tration of the oxalate ions reaches such a value that 

(Ca-M(C.O.-)>L,,„e,o. 

and a precipitate of calcium oxalate again separates out. This 
repression of the concentration of the hydrogen ions may be 
brought about by the a<ldition of a soluble hydroxide, e.g. 
NHiOH, or a soluble carbonate NaaCOj to the solution. Such 
reagents react thus 

2NH4()H H- ^ (NH^laC^O* 



2NH/ -f-20H- 2H+ +CaO,- 2NH4-^ +C 3 O 4 - 

The oxalate thereby formed is strongly dissociated, so that the 
concentration of the oxalate ions soon exceeds its critical value 
and the precipitate falls out. 

The action of sodium acetate in promoting the precipitation 
of calcium oxalate from a solution of calcium oxalate in hydro¬ 
chloric acid is not so obvious. 

Before the addition of the solution of sodium acetate we have 

CaCl 3 ^Ca+-" -f 2CI- 

H3C304^2H+ +C3O4- 

If a strong solution of sodium acetate, in which the equilibrium 

Na.C2H303;z:eNa+ +C3H3O3- 

already rules, is added, w’o shall have present in solution the ions 
H* and CaHaOa”, and these must react to establish the equili¬ 
brium 

H+ -fCaHaQa- ^H.CaHaO,. 
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Acetic acid, H.C 2 n 302 , is one of the weak acids, and as such, 
will he hut slightly dissociated, and the equilibrium will lie far 
over to the right. Combination must therefore occur between 
the hydrogen and the acetate ions until their concentration has 
fallen to this equilibrium value. The continued addition of 
sodium acetate to the solution will force this equilibrium 
still further to the right, i.c. still more hydrogen ions will be 
removed from the solution in the form of undissociated acetic 
acid. The removal of hydrogen ions must, however, exert its 
influence upon the equilibrium 

and the dissociation of the undissociated oxalic acid will be 
promoted. This leads to a steady increase in the concentration 
of the oxalate ion.s, and the product (Ca )(C 204 ”) soon 
exceeds the solubility product Lcac,o*. i-©- calcium oxalate will 
fall out of the solution. 

From a consideration of the above reactions the following 
general statement may bo put forward : 

hi general, an insoluble salt of an acid A will dissolve, when 
treated with an acid B, ‘provided that the acid B is more highly 
dissociated than the acid A. The greater the difference in the 
strengths of the two acids, the more completely will the insoluble salt 
pass into solution. Secondly, if an insoluble salt is dissolved by 
the action of a 7nore highly dissociated acid, the insoluble salt can 
be ihroivn out of solution by any agent which will repress the ionisa¬ 
tion of the added acid, i.e. repress the concentration of the hydrogen 
ions in the solution. Such an effect can bo brought about by 
adding a soluble hydroxide or carbonate or by the addition of a 
strong solution of a salt of a very w’eak acid, e.g. sodium acetate. 

Calcium Carbide.—Calcium carbide is prepared by heating 
a mixture of lime and carbon in an electric furnace. 

CaO+3C^CaCa-t-CO. 

The raw materials consist of freshly burnt lime and powdered 
anthracite, coal and in some cases tar. One of the most effective 
types of furnace in use is that of the Alby (Fig. 131. 

One electrode enters the base of the furnace, whilst the 
other electrode consists of a group of carbon rods. The molten 
carbide is run off and cast into blocks. In the pure state it is 
colourless, but is generally grey owing to the presence of impuri' 
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ties. It finds technical use in the manufacture of acetylene 
(q.v.) and also of calcium cyanamido. 

Calcium Cyanamide.—Calcium cyanamide, CaNjC, is pre¬ 
pared by forcing nitrogen at a temperature of about 800* into 
a retort filled with calcium carbide. 



Fio. 131 


Tlic temperature must not bo allowed to rise above 1,400*, for the 
reaction is reversible. After the completion of the reaction the 
calcium cyanamido is removed, crushed and put on the market 
08 a fertiliser. Its value as a fertiliser is based upon the decom¬ 
position it undcrgoca in the presence of water. 

CaN,C -1- 3 H 3 O CaCOj + 2 NH 3 . 

A mixture of calcium cyanamide and carbon, prepared as 
above, is on the market as the fertiliser “ nitrolimo.” 

Calcium cyanamido is finding increasing application as a 
means of manufacturing ammonia from atmospheric nitrogen 
{see Fixation of Nitrogen, p. 278). 

Questions 

1. A procipitato of magnosium hydroxide is formed on the addition of 
ammonium hydroxide to a solution of a magnesium salt, but in the presence 
of ammonium salts, such precipitation does not take place. Account for 
this. 


K N 
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2. Discuss tlie t-ochnical motli<xis of softening water. 

3. How <locfl onicium cart>onato occtir in nature ? Discuss the con¬ 
ditions of stability of the different crystalline forms. 

4. Compare the dissociation of barium peroxide ^rith that of calcium 
carbonate. 

6. (live a comparative survey of the more important properties of the 
compounds formed from the alkaline earth elements. 

6. How do you account for the solubility of calcium oxalate in hydro¬ 
chloric acid ? 

7. How do you account for the solubility of calcium sulphate in a strong 
solution of ammonium sulphate? 

8. Tho solubility curve of calcium chloride shows several breaks. What 
inference is to bo drawn from this ? 

9. Barium sulphate is boiled with a solution of sodium carbonate. 
Account for tho presence of sodiviin sulphate in tho solution (Ch. XIV). 

10. (’omparo tho stability of tho bicarbonates of tho alkali and of the 
alkaline earth metals. 

It. In qualitative analysis, barium chromate is precipitated in the 
})rosenoe of acetic acid, wliilst calcium and etronfivim chromates are not 
thrown down. Apply tho ionic h>'pothcsi3 to explain this. 

12. Compare the action of heat upon tho following compounds of 
calcium and barium: (a) carbonates, (6) nitrates, (c) hydroxides. 



CHAPTER XXXIV 
GROUP 2B: 

ZINC. CADMIUM, MERCURY 

General Relationships of the Family.—This sub-group 
again shows a steady gradation in the basic property of the oxide 
and hydroxide. Zinc hydroxide is amphoteric, a fact of groat 
importance in the study of the chemistry of this clement. The 
other elements have basic oxides. The general properties of the 
compounds of zinc, cadmium and mercury differ little from 
those of similarly constituted salts of other moUils. 

The stability of the chlorides and sulphates of the group 
decreases as the atomic weight incrcjises. Cadmium forms two 
oxides, a sub-oxide, CdjO, and a normal oxide, CdO, but only 
one series of salts is know'n. Mercury, however, gives rise to 
three oxides, mercurous oxide, HgjO, mercuric oxide, HgO, and 
mercury peroxide, HgOQ. Two well defined scries of salts occur, 
the mercurous salts derived from mercurous oxide and the salts 
obtained from mercuric oxide. The group affords an interesting 
example of the tendency of the heaviest element of the B group 
to form more than one series of compounds. 

ZiNO, Cadmium 

Occurrence.—Zinc occurs as carbonate (zinc spar, calamine, 
ZnCOa), sulphide (zinc blende, ZnS), oxide (zincite, ZnO), as 
silicate (w'illemito, 2ZnO,SiOj), and as franklinite, a mixture of 
the oxides of Zn, Fe, Mn. 

Traces of cadmium are generally found associated with zinc 
in the carbonate and sulphide ores. 

Metallurgy.—^The ore, which is in nearly all coses the car- 
bonate, oxide or sulphide, is first converted into oxide by the 
operation of calcining or of roasting. 

547 
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Z11CO3 —>Zn 0 -}-C 03 {for the carbonate) 

2ZnS -1 :i02^2Zti0 + 2 SO 3 •. 

2ZnS + 70 —ZnSO, + ZnO + SO 2 for tlic sulphide 
ZnS 04 —> ZnO + SO3 j 

All these various products arc formed in the roasting of a sulphide 
ore. The crushed ore is then mixed with powdered coke and 
heated in specially designed retorts. 

ZnO + C —>■ Zn + CO. 

Owing to the volatility of the zinc the metal vapour distils over 
and collects in a rcceiv'cr. The main difTcrence in the various 
methods used in the reduction and distillation stages is concerned 

with the shape, 
size and arrange¬ 
ment of the re¬ 
torts and furnace. 
There is a general 
tendency for the 
Rhenish type of 
retort (Fig. 132) to 
come to the fore. 
To the mouth of 
each retort is luted 
a fireclay conden¬ 
ser, in which the 
zinc collects, and, 
Fio. 132. attached to the 

cooler end of the 

condenser, is a conical iron nozzle to catch the zinc dust. The 
retorts are arranged in tiers, as many as 144 retorts being 
placed in a furnace. The loss of zinc during smelting operations 
is fairly high, as much as 10-15 per cent, being lost in the best 
plants. The impure spelter is refined by redistillation or by 
electrolytic separation. 

The electrolytic method of treating poor zinc ores has made 
rapid progress of late years. One important method is to 
convert the zinc into oxide. This is then treated with a solution 
of calcium chloride and carbon dioxide. 

ZnO +CaCla +C 03 ->CaC 03 +ZnCl 2 . 

After iron and manganese have been removed from the solution, 


Retort with 
condenser* 
attached. 
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it is rendered slightly acid with hydrochloric acid, and 
electrolysed between an iron cathode and carbon anodes. The 
zinc is extremely pure, averaging about 99-96 per cent. 

A still more important electrolytic method of treating poor 
ores is to roast them, in order to oxidise the sulphide. The 
roasted ore is then leached out with dilute sulphuric acid ; the 
electrolyte, containing zinc sulphate in solution, is then electro* 
ly8c<l between electrodes of lead oxide. 

The separation of zinc blende from galena (PbS) affords an 
interesting example of the froth flotation jiroccss. By means of 
an air blast the finely powdered ore is agitated with water to 
which a little eucalyptus or other oil has been added. The 
galena is wetted by the water and sinks, but owing to a surface 
tension effect the blende is buoyed up by the oil droplets, forming 
a scum. This method of separation is frequently used to effect 
a concentration of the mineral, e.g. molybdenite, from the 
accompanying earthy dross. 

Cadmium is generally obtained as a by-product in the metal¬ 
lurgical preparation of zinc. Being more volatile than the zinc, 
the cadmium collects in the portion which distils over first. 
This is again reduced with carbon and redi.stilled. Pure cad¬ 
mium is obtained from the electrolysis of cadmium sulphate, the 
crude metal forming the anode. 


Properties.—Zinc is a bluish-wiutc, crystalline metal melting 
at 419®, boiling at 920®. Although brittle at onlinary temper¬ 
atures, zinc becomes quite ductile at 100-150®, while at 200® it 
is so brittle that it can be powdered with case. 

Cadmium also has a crystalline appearance and is more ductile 
than zinc. It melts at 320®. 

Both metals are attacked vigorously by the mineral acids, 
though pure zinc reacts very slowly with pure sulphuric acid. 
Contact with a more elcctroiwsitivo (noble) metal, e.g. copper or 
platinum, causes the zinc to dissolve freely. This action is 
essentially electrolytic, for the hydrogen separates not from the 
surface of the zinc but of the more noble metal, i.o. in the cell 

zinc I acid | noble metal 


a current flows through the acid in the direction of the arrow, 
causing zinc to dissolve and hydrogen to bo evolved. Zino 
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dissolves freely in hot sodium or potassium hydroxide. This 
arises from the solubility of zinc hydroxide in these reagents. 

Zn + 2HOH ^ Zn(OH )2 + 

Zn(OH )2 + 2NaOH ^2 Na.ZnOa + SHaO 

Sodium zincato. 

The great reactivity of zinc, arising from its high electrode- 
potential, has led to its use for protecting iron from corrosion. 
The iron is cleaned and either dipped into molten zinc or coated 
eleetrolytically with tiiat metal. When such gahxinised iron is 
ex])osed to the atmosphere, the zinc is first corroded as it is the 
more reactive metal. Zinc is also used in many batteries, and 
in the manufacture of alloys (brass, bronze, etc.). 


Chemical Characteristics of the Salt.s 

Tliecheini.stry of the salts of zinc is intimately connected with 
the behavioiir of the oxide towards acids and bases. Owing to 
its ainj)hoteric nature, zinc oxide (hydroxide) forms two 
classes of salts, the normal type in which zinc functions as a 
divalent cathion, Znf'U, ZnSO^, ZnCOa, aod a class of salts known 
as zincates, in which the zinc forms part of the acid group. 
These arc produced by the solution of the hydroxide in an excess 
of sodium or potassium hydroxide. 


Zn{OH )3 + 2NaOH ^ Na.ZnOj + 2 H 2 O. 

Arid. Unso. Suit. 

On account of the weakness of zinc hydroxide ns an acid, 
these zincates undergo ver}' considerable hydrolytic decomposi¬ 
tion in aqueous solution, i.e. the above reaction will bo reversible. 
The action of acids and bases in dissolving zinc hydroxide is 
shown in the scheme, 


I 

] 


Zn+ + + 20H-;^Zn(0H), Zn(OH),^2H+ H-ZnO,". 

Dissolved. Dissolved. 


2Cl--f 2H^ 




20H- -b 2Na+ 


A 


Zn(OH)a 

/ 



/ 

Solid. 


V 


Zn + ^+2Cl- + 2H20 


2H2O -f 2 Na^ d* ZnOj" 


The addition of hydrochloric acid will remove hydroxyl ions and 
the disturbance of the equilibrium will lead to the solution of 
more zinc hydroxide ; in the same way, the addition of sodium 
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hydroxide will lead to a reduction in the number of lu'drogen 
ions, the equilibrium will again be disturbed and more sdnc 
hydroxide will pass into solution. 

If ammonia is added to a solution of zinc or cadmium chloride, 
the precipitate which first separates out passes back into solu¬ 
tion. This is due in both cases to the formation of soluble 
ammonia salts, in which the ammonia is associated with the 
metal to form complex cations [Zn.xNlIj]*^ where a; varies 
from 1 to G, according to the strength of the ammonia. 

Cadmium forms a very strong basic oxide, CdO, which gives 
rise to a series of typical salts, such as OiCIj, CdS 04 . It is also 
reported that a suboxide, CdjO, has bc<?n prepared by breaking 
down cadmium oxalate in vacuo at a temj)crature of 300® ; but 
no salts of this oxide have been described. 

Oxides .—Zinc oxide is prepared either by burning zinc or by 
decomposing the carbonate. It is a white powder which turns 
yellow on heating. The white colour returns on cooling. As 
zinc white, the oxide finds considerable use as a white paint. 
Although possessing less covering power than white load 
zinc white has the great advantage of not turning black on 
exposure to the fumes of hydrogen sulphide. 

Cad7nium oxide is brow'n and is obtained by methods similar 
to those used for zinc oxide. 

The Halides .—Zinc chloride is made by dissolving zinc in 
hydrochloric acid, evaporating the solution to dryness and 
fusing the residue. The salt is very hygroscopic, and owing to 
the weakness of zuic hydroxide as a base, and the resultant 
hydrolysis, the dehydration leads to the loss of hydrogen chloride 
and a considerable amount of basic oxychloride is found in the 
fused chloride. 

ZnClj + HOH ^ Zn(OH)Cl -f HQ 
2Zn{OH )C1 ^ ZnaOCla + H^O 

If one desires a pure sample of the chloride, the dehydration 
must be carried out, as usual, in an atmosphere of hydrogen 
chloride. A solution of zinc chloride is used for injecting into 
wood as a preservative, i.e. to prevent the growth of organisms. 
It is also used in soldering, its use in this respect being based 
upon its solvent action upon the oxides. The hydrochloric acid, 
set free by the hydrolysis of the chloride, keeps the surface 
free of oxides so that the solder may take, 
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Cadmium chloride can be obtained not only in the anhydrous 
state, but also as a definite mono- and penta- hydrate. It is not 
hygroscopic, and, as is to be expected from the greater strength 
of cadmium oxide as a base, it is much less hydrolysed than zinc 
chloride. 

All the halides of zinc and cadmium give rise to a large number 
of double halide salts, with such halides as potassium chloride ; 
hence the existence of such salts as Na^ZnCl^. Iv.CdBr,, etc! 
In all these salts the salt of stronger electro-afiinity (e.g. the 
alkali halides) forces the salt of weaker clcctro-aftinity (e.g. 
ZnCU, CrlBrj, etc.) into a complex anion (sec p. 45 t). 

Carbonates.—Normal sodium carbonate throws down a 
basic zinc carbonate (cf. magne.sium). but by using the acid 
carbonate the normal zinc carbonate is precipitated. 

ZnCla H- 2 NaHC 03 ZnCOj i + 2NaCl + H -f COa- 

Both the normal and acid sodium carbonates throw down the 
normal carbonate of cadmium. 

Sulphates.—ZiHC sulphate is made by roasting zinc blende in 
the air. Tlio roast is afterwards extracted with water, and 
crystals of the hcida-hydratc ZnSO^.TH.O obtained from the 
solution. These are isomorphous with the similar salts of 
magnesium, iron (EeSO^.THjO), cobalt and nickel. The terra 
vitriol is often applied to these sulphates. 

Cadmium sulphate, 301 S 04 , 8 H 20 , is obtained by crystallising 
a solution containing this salt. This salt forms large luonoclinic 
crystals, which pass into the monohydrate at 74 °. Other hydrate.s 
are known. This sulphate is not jsomorpho\i 3 with the vitriols. 

Zinc sulphate forms a considerable number of double sul¬ 
phates. such as K.S 04 .ZnS 04 .CH 30 . These sulphates are 
monoclinic and are isomorphous with the double sulphates of 
iron (Fo"), cobalt, copper, etc. These compounds may be repre¬ 
sented by the general formula M 3 -S 04 ,M’'S 04 , 6 H 30 , whore M' 
represents a monovalent metal or radicle, such as Na, K, NH4. 
M" a divalent metal such as Cu, Fo, Co, Hg, Zn, Mg.’ 

Cadmium sulphate also forms many double sulphates c c 
Na2S04,CdS04.2H30. ' 

Sulphides.—The precipitation of zinc sulphide by the action 
of hydrogen sulphide upon an aqueous solution of a zinc salt is 
summarised by the equations: 
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Z 11 SO 4 + HjS ~~ - H 2 SO 4 + ZnS 
'*11 

Zn + + -fSO*- 2H^ +S- ^2H-^ +80*“ Zn^^+S- 

As the concentration of the acid increases, there is a consequen¬ 
tial rise in the concentration of the hydrogen ions : 

H 2 S 04 ;r^ 2 H^ +SO 4 -. 

This, in turn, plays its part in the equilibrium H 2 S^=^ 2 H*+S“, 
i.e. the ionisation of the hydrogen sulphide is thrown back. In 
short, through the production of sulphuric acid in the course of 
the reaction, the time soon comes when the concentration 
of the S“ ion is so low that the product (Zn++ ){S-) no longer is 
able to exceed the solubility product Lz„s, Jind no more zinc 
sulphide separates out. 

If sodium acetate is added at this stage, a removal of the 
hydrogen ions is effected in accordance witl» the equation 

H * + CaHaOa- ^ ; 

(cf. calcium oxalate, p. 513). 

tlio dissociation of the hydrogen sulphide is thereby promoted, 
and a further precipitation of zinc sulphide results. 

Cadmium sulphide is used as a yellow pigment. It is 
appreciably soluble in hydrochloric acid, and for effective 
precipitation the solution should bo kept only sufficiently acid 
to prevent the precipitation of such sulphides as zinc sulphide, 
manganese sulphide, etc. 


Separation of Copper from Cadmium. 

If a solution containing salts of copper and cadmium is treated 
with potassium cyanide, a precipitate is thrown down which 
redissolves in an excess of the reagent. The reactions for 
copper salts under these conditions have already been dis¬ 
cussed. In the case of cadmium compounds the reactions are 
as follows : 


CdCla +2KCN->Cd(CN)3 -f 2KC1 
Cd(CN )3 + 2KCN —^Kj[Cd(CN) 4 ] 


11 

Cd+* +2CN- 


11 

2K* H-2CN~ 



2 K*+Cd(CN),- 

A I 


Cd++ +4CN- 
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On passing in a stream of hydrogen sulphide, the equilibrium 

Ho.S^2II+ +S = 

13 established. Before a preeipitation of cadmium sulphide can 
be obtain.‘d,tho product (CM " * )(S-) must exceed the solubility 
product It has already been stre.ssed that, in the presence 

of potassium cyanide the concentration of copper ions is so 
extrenu'ly low that the solubility product ia never 

exceeded, and no jireeipitatc of copper sulphulc'^is thrown 
down. Mith cadmium salts, however, the dissociation 


Cd(CN); ^::±Cd + + +4CN- 

yields a sumcienfly higli concentration of cadmium ions for the 
product (CM * )(S - ) to exceed the value of the solubility product, 

yellow cadmium sulphide separates out. 


Mkrcurv 

Metallurgy.—Tlio separation of mercury from its ore, cinna- 
bar (lIgS) is effected by roasting. 

HgS + 0,^Hg + SO,. 

Occasionally it is heated in retorts with limo. 

2HgS + 2CaO ^ 2IIg 2CaS + Oj. 

pie metal is distilled from the retort and recovered by sending 

the furnace gases througli a series of condensation flues. It is 

then filtered through chamois leather. Moderately pure mercury 

may be obtained either by allowing fine drops of mercury to fall 

tlirough a column of dilute nitric acid, or by putting the mercury 

and nitric acid in a filter flask and keeping the whole thoroughly 

stiired by means of a brisk current of air. DistiUation in vacuo 
yields the purest mercury. 

Properties.— Mercury is a silver-wl.ito liquid which docs not 
arnish in air. (M.P. -39-4°. B.P. 357.3'>). It is attacked only 
l>y ozone, tlio halogens, hydrogen sulphide and iodide, hence its 
extensive use in the manipulation of gases. It is a good con¬ 
ductor of heat and electricity. The vapour is monatomic, is a 
non-conductor of electricity and is extremely poisonous. Mer- 
cury IS not attacked by hydrochloric acid or by dilute sulphuric 
acid but hot concentrated sulphuric acid soon dissolves it with 
the formation of sulphur dioxide and even hydrogen sulphide. 
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Hg + H.SO 4 HgSO, + 2H 
2H + H .SO 4 -> 2H 2 O + SO 2 
8 H + H 2 SO 4 —> 4 H 2 O -f H^S 

Nitric acid, especially when hot and strong, attacks mercury 
freely, forming either mercurous or mercuric nitrate, according 
to the relative quantities of acid and metal. 

The solution of mercury in an acid is apparently only achieved 
when the acid is a sufficiently strong oxidising agent to oxidise 
the film of hydrogen precipitated upon the surface of the mer¬ 
cury, Dilute sulphuric acid is not a sufficiently strong oxidiser 
to do this, hot concentrated sulphuric acid is. 

Mercury reacts vigorously with certain metals, e.g. sodium, 
whilst in other cases slow solution of the metal in the mercury 
takes place. The product is generally referred to in both eases 
as an amalgam. Physico-chemical research has shown that 
many of these amalgams contain definite chemical compounds, 
dissolved in an excess of mercury ; sodium gives the definite 
crystalline compounds NaHga, NaHgj. Some of these amalgams 
find commercial application. Thus a copper-cadmium amalgam 
is used by dentists for filling teeth. 

General Properties of the Compodnds of Mercury 

Attention has already been called to the fact that mercury 
foniis three oxides of which two, mercurous oxide HgjO, and 
mercuric oxide HgO, give rise to a series of salts, the mercurous 
and the mercuric salts respectively. Until comparatively recent 
times the mercurous salts were held to bo monovalent, the 
mercuric divalent, but research has definitely established that 
the mercurous salts arc also divalent, the weight of the -ous 
cation being twice as great as the weight of the -ic cation. 
The formula) of a few typical mercurous salts arc HgiOla, 

HgaSO,, HgafNODa. These ionise thus : 

Hg,a,;=^Hg,^*+2Cl- 
Hg3S04;=^Hg,+ ++S04- 

whercas mercuric chloride and sulphate ionise in the following 
manner: 

HgCU;=^Hg^*+2Cl- 
HgS 04 ^Hg++ -1-S04“. 
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Tiic clirniistry of tfie compounds of mercury is closely bound 
up with tlie cqiiation : 


Hg^"+ITg- 




This states that tlie mercuric salts are reduced by mercury to the 
mercurous state. Tliis equation embodies the general method 
of prei)aring tlic mercurous salts—the reduction of the corre¬ 
sponding mercuric salt with mercury. 

The hydroxides are both unstable, and soon pass into the 
oxides. As bases they are feeble, so that both the mercurous and 
the mercuric salts arc extensively hydrolysed in aqueous solu¬ 
tion. In fact, many of the salts can only bo retained in solution 
when a considerable excess of acid is present e.g. Hg 3 {NOa)^, 

HgiNOa);, etc. Eor a similar reason no mercuric carbonate 
lias been prej>ared. 

Just as wo found tliat the cuprous and aurous salts were 
comparatively insoluble, so we find that all mercurous salts 
except a few of the o.xy-eompounds are insoluble. Mercuric 
chloride, HgCK, is soluble in water (cf. CuCl^, CdCR, ZnClj 

chloride. is insoluble (cf. AgCi! 

AuCl, CuCl, etc.). ' ^ ’ 

The halides of the mercuric typo are freelv soluble in the 
presence of halides such as NaCl, KI, etc. Tliis is duo to the 
formation of soluble coinpic.xes, viz. : 


Hgl3+2K[;=^K3(HgT,). 

In many of these complex salts the ionic concentration of the 
mercury ion is extremely low. Thus, the addition of potassium 
hydroxide to a solution of potassium mercuric iodide causes no 
precipitation of mercuric hydroxide or oxide. Intimately 
linked wuth this is the fact that mercury sulphide dissolves freely 
in hydriodic acid : 

HgS + 2Hr ^ HjS + Hgl, 

HgI, + 2HI;=±H,(HgI.). 

Tho S.1II3 of mercury of both types differ from their analogues, 
cadmium and zinc, in their behaviour towards ammonia. No 
evidence concerning tho existence of such ions as (Hg.xNHg) 
has been furnished. On the other hand, a new type of compound 
IS obtained by the action of ammonium hydroxide upon mercuric 
chloride, partial replacement of the hydrogen present in the 
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ammonium group is effected and compounds are formed of the 
type 

^ \ 

H An—C l. 

The halides and cyanides of mercury differ from all other 
similarly constituterl salts (except those of cadmium) in the 
alight degree to which they are ionised. An aqueous solution of 
mercuric cyanide scarcely conducts the electric cu^ent. ^ n* 
other specific property of the 8<alts of mercury which distinguishes 
it from the other members of this sub-group is the ease with 
which they can be sublimed, and to a less extent their highly 
poisonous nature. It is owing to the comparative insolubility 
of the mercurous salts that some of them (calomel) can bo 

used medicinally. 

3/crcurtc Salle. 

Mercuric Oxide.—If a solution of a mercuric salt is treated 
in the cold with sodium hydroxide, the precipiUte of mercuric 
oxide thrown down is yellow. If one works at a higher tem¬ 
perature, the colour is red. Whether there arc two distinct 
modifications or whether the difference in colour arises merely 
from a difference in the granular structure of the particles is 
doubtful, though the bulk of the evidence favours the latter 

view. , . - .. 

The red oxide is generally precipitated by breaking down the 

nitrate or by heating the element with oxygen above 300 . 

When heated strongly, it first turns black and then evolves 

oxygen. In aU iU reactions the ycUow form is more reactive 

than the red, probably owing to its finer state of subdivision. 

This finer grain of the yellow oxide would also account for 

its greater solubility (cf. inQuence of size of gram upon the 

solubility of barium sulphate, p. 538). 

Mercuric Halides.—3/crcuric chloride, corrosive sub¬ 
limate, Hgaa, is made by subliming mercuric sulphate with 

sodium chloride. 

HgSO* -i-2Naa->HgCl2 d-NaaSO*. 

It crystallises in white rhombic crystals. Its solubility show^a a 
rapid rise with the temperature (at O'* 6-7 gm. dissolve in 100 
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gm. of water, at lOO'^ 53-9 gm. dissolve). Both mercuric chloride 
and bromide arc freely soluble in alcohol, ether and benzene. 
The chloride is easily reduced to the mercurous state by such 
reducing agents as stannous chloride, 

2 HgCl2 + SnCia^Hg,Cl 2 i + SnCl,, 

while in the presence of an excess of stannous chloride the 
reduction goes still further. 

Hg.Cls +SnCl 2 -^ 2 Hg d-SnCl*. 

A large munber of complex salts has been prepared from mer¬ 
curic chloride, bromide and iodide. They are generally obtained 
by crystallisation from a solution containing the mercuric halide 
dissolved in the presence of another halide, c.g. KCl, NaBr, etc. 
All the alkali metals give one or more such salts, e.g. KHgClg.HaO 
(starry needles soluble in water), K.HgCl^HoO (rhombic, 
soluble in water), KHgX’Ii,2H.O (rhombic). 

A dilute solution of corrosive sublimate is an excellent ger¬ 
micide, hence its use in surgery. On the other hand, wlion 
taken internally, it is extremely poisonous. 

Mercuric Bromide differs little from the chloride. 

Mercuric Iodide is of interest owing to its dimorphous occur¬ 
rence. Below 120® the rod is the stable form, above that tem¬ 
perature the yellow. In precipitating the iodide from a hot 
solution of potassium iodide, there is first thrown down a yellow 
precipitate, the unstable modification, but this soon changes 
into the stable red form. It is an interesting example of Ost- 
wald’s Law of Transformation by Steps (cf. p. 310). A similar 
phenomenon is observed if fused mercuric iodide is allowed to 
cool. Ihe tendency of mercuric iodide to form complex iodides 
is shown by its great solubility in an excess of potassium iodide. 
1 ho great stability of such complexes of mercuric iodide is shown 
by tlie non-precipitation of mercury hydroxide (oxide) on the 

addition of a soluble hydroxide to solutions of such complex 
salts. 

Mercuric Cyanide.—Mercuric cyanide is prepared by acting 
upon the oxide with hydrogen cyanide. It is freely soluble in 
an excess of potassium cyanide, forming a complex cyanide, 
K 2 Hg(CN) 4 . It is fairly readily soluble in water, yet owing to 
its slight ionisation neither sodium hj'droxide nor potassium 
iodide gives a precipitate with a solution contai nin g mercuric 
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cyanide. Hydrogen sulphide alone will decompose mercuric 
cyanide. 

Mercuric Sulphate.—Tliis salt is formed by heating mercury 
with concentrated sulphuric acid, or by acting upon the oxide 
with sulphuric acid. It occurs in rhombic crystals. Its aqueous 
solutions are strongly hydrolysed and throw do\vn insoluble basic 
salts if an excess of sulphuric acid is not added. When gently 
warmed, it becomes yellow, tlien red, and finally decomposes into 
mercury, oxygen, sulphur dioxide and mercurous sulphate. 

Mercuric Nitrate.—Mercuric nitrate is produced by the 
action of an excess of nitric acid upon mercury. The aqueous 
solution throws down a basic nitrate, Hg(N 03 ) 2 , 2 Hg 0 ,H 20 . 
The precipitation of this can be prevented by the addition of 
nitric acid according to the equation 

3Hg(N03)3 + 3HaO ^ Hg(N 03 ) 2 . 2 Hg 0 ,H 20 + 4 HNO 3 . 

Mercuric Sulphide.—Mercury sulphide occurs naturally as 
cinnabar, but it can also be obtained as a black, amorphous 
powder by the wet method, as well as by rubbing together mer¬ 
cury and sulphur. The black variety is unstable, and in the pre¬ 
sence of a suitable solvent (e.g. sodium sulphide) slowly turns 
into the stable re<l form. The solution becomes saturated with 
regard to tlie black, and therefore supersaturated with respect 

to tlio stable red modification. 

Mercuric sulphide is exceedingly insoluble and unreactivc. 
Concentrated nitric acid attacks but does not dissolve it. Its 
solution can be effected by means of hydriodic acid or by aqua 
regia. The red sulphide is used as a red paint (vermillion), but 
has less vogue than red lead owing to the case with which the less 
noble (more electronegative) metals, Fe, Zn, Pb, ote., displace it. 

HgS +Fe—>-Hg -f FcS. 

Mercury Fulminate.—Mercury fulminate, Hg(ONC) 2 , is 
formed when mercury is treated with nitric acid and alcohol 
added to the mixture. It is a white, explosive powder, used 
extensively in percussion caps. 

Mercufoua Solis. 

Mercurous Oxide.—Mercurous oxide is thrown down from 
a solution of a soluble mercurous salt by the atldition of a 
soluble base. 
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HgAN 03)3 +2Na0H->Hg,0 i + 2 NaN 03 + H20. 

Tlic brownisli black powder is HgaO, tho hydroxide under¬ 
going almost instantaneous decomposition. Under the action of 
light and lieat it passes into mercury and mercuric oxide. At 
100° it unites with oxygen, forming the oxide HgO. 

Mercurous Halides .—Mercurous chloride, bromide, etc., are 
obtained by subliming tho mercuric salt with an excess of 
mercury, 

HgCl^ + Hg^Hg.Cla 

or, more frequently in the commercial world, by heating a 
mixture of mercuric sulphate, mercury and sodium chloride, 
The vapour is condensed. Under the action of light slight 
decomposition into mercuric chloride occurs, 

Hg.a^HgCIs + Hg 

tho white powder darkening slightly. Attempts were made to 
determine the vapour density of this compound in order to de¬ 
cide whctlicr tho formula should be HgCl or HgaClj. Although 
tho experimental results gave a value approximating to 240, 
the conclusion could not bo drawn that tho formula was 
HgCl(M.W.=200+35=235), because it was discovered that, 
when a strip of gold leaf was placed in the apparatus, it became 
amalgamated. This proved that free mercury was present, so 
that tho results might equally well be explained on tho assumption 
that tho molecule HgjCla had been broken down at the tem¬ 
perature of tho experiment into Hg+HgClj, thereby causing a 
doubling of tho number of molecules and a halving of the 
molecular weight. Other methods have since shown that 
the formula is HgaClj. The mercurous halides arc insoluble in 
water. ^lercurous chloride (calomel) is extensively used for 
medicinal purposes. 

Mercurous Nitrate. — Mercurous nitrate is formed by 
dissolving mercury in dilute nitric acid, or by reducing the 
mercuric nitrate with mercury. It fonns monoclinic crystals, 
Hg 2 (N 03 )a, 2 H 20 . Owing to tho tendency of this salt to hydro¬ 
lyse, a clear aqueous solution can only be obtained in the pre¬ 
sence of an excess of nitric acid. Many basic mercurous nitrates 
have been described. 

Mercurous Sulphate.—Mercurous sulphate is prepared by 
rubbing mercuric suli^hate with mercury, or by precipitation 
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from a solution of mercurous nitrate by the addition of sodium 
sulphate. It forms small monoclinic cry stals of slight solubility. 
It dissolves readily in hot sulphuric acid. 

Mercurous Sulphide.—Mercurous sulphide is unstable at 
ordinary temperatures. Like the chloridel it tends to undergo 
auto-oxidation, forming mercuric sulphide and mcrcurj'. 

Mercurous Carbonate.—Mercurous carbonate is precipi¬ 
tated by the addition of sodium carbonate or bicarbonate to a 
solution of mercurous nitrate. It is a yellow powder which 
darkens on exposure to light. Under the action of heat it forms 
carbon dioxide, mercury and mercuric oxide. 

Mercury Amine Compounds. 

The capacity of mercury to displace hydrogen from the 
ammonium radicle has already been mentioned. This is especi¬ 
ally noted in the case of the mercuric compounds. The addition 
of ammonium hydroxide to mercuric chloride gives a white pre¬ 
cipitate known as infusible while precipitate^ 

H 

/ 

Cl—N=Hg 

\ 

H 

Mercurous chloride gives the same salt, together with an excess 
of mercury, i.e. the equilibrium 

is swung to the right, the resulting precipitate appearing black. 
To this precipitate calomel ow'es its name, Greek kalomelas, 
beautiful black. Mercurous nitrate gives w’ith ammonia a similar 
block precipitate, Ilg + HgNH,.NO,. 

If mercuric iodide is dissolved in an excess of potassium iodide, 
the soluble potassium mcrcurio iodide is formed 

HgI.4-2KI ;=tK.(HgI,). 

The addition of potassium hydroxide to this solution causes no 
precipitation of mercuric oxide or hydroxide, on account of the 
very low concentration of mercury ions present, i.e. the complex 
is extremely stable. This alkaline solution of potassium mercuric 

00 
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iodide is known as Nessler’s Reagent, and it is an exceedingly 
delicate test for traces of ammonia. A minute trace of ammonia 
j)roduccs a distinct yellow coloration due to the formation of 
oxy-dimerouric ammonium iodide, OHgjNHJ. By preparing 
a series of standard solutions of known strength or by the use of 
a colorimeter one can estimate accurately very small traces of 
ammonia. 

Mercury Peroxide.—Mercury peroxide is reported to be 
formed as a reddish brown jiowder when mercurv' is left in 
contact with liydrogen peroxide. It is extremely unstable, 
breaking down into oxygen and mercury. 


Questions 

1. Di.'sciiss the rcnction 

ir^S^ZnS t-2Hn. 

\\ Imt offoct Ims the mldif ion of nmmonium acotato upon this equilibrium ? 

A solution of copper anti cadmium chlorides is treated withauoxcess 
ot potassium cyanide, and hydrofion sulphide passed through. Account 
lor the precipitation of cadmium sulphide and tlio non-precipitation of 
cojjper sulpludc. ^ 

3. Discuss the action of (a) dilute nitric acid, (tlstrong nitric acid, upon 
zinc and mercury respectively. 

4. Oivo an account of the preparation and properties of zinc Iiydroxide. 

0 . Oive a comparative account of tlio oxides of the metals, zinc, cadmiutn 
and mercury. 

6. Discuss the reaction 


4-Hg^Hg,+ + 

and show how this reaction may bo used for the preparation of the 
mercurous salts. ‘ 

7. What is the action of (a) ammonium hydroxide. (6) sodium hydroxide, 
upon a so ution of zinc sulpliate ? Construct ionic equations aliowingthe 
moch&Diam tbo redctioxis. 



CHAPTER XXXV 
GROUP 3: 

BORON, ALUMINIUM. GALLIUM, INDIUM, 
THALLIUM; SCANDIUM, YTTRIUM. LANTHANUM 

The position of these elements in the middle of the Periodic 
Table is no doubt responsible for the difiiculty of determining 
whether the two short period elements—boron and aluminium— 
fall into the A or the B sub-group. The distinctions which have 
been noted in the properties of the A and B sub-groups of Groups 1 
and 2 have almost disappeared. An even better example of this 
is afforded by Group 4. 

The evidence in favour of allotting boron and aluminium a 
definite position is conflicting ; for the purpose before us the 
existence of the double sulphates (alums) of aluminium, gallium 
and indium is perhaps sufficient justification for classing together 
boron, aluminium, gallium, indium and thallium in Group 3 b. 

Group 3A—Scandium. Yttrium, Lanthanum 

The rare elements, scandium, j'ttrium and lanthanum, are 
all trivalent in their more important compounds, giving the 
group oxide M jO j, and the chloride MCI). In all cases the oxides 
are basic, the basicity increasing in passing from scandium to 
lanthanum. They form stable carbonates and give well-defined 
double sulphates with the alkali sulphates, quite distinct in 
composition and crystal structure from the alums. 

Scandium is the eka-boron predicted by Mendcleeff. It 
occurs in fergusonite and gadoHnite. 

Yttrium and ita related elemenU occur in ccrito, monazite, 
yttrotantalite, etc. 

Closely associated with yttrium and lanthanum are the 
rare earths, amongst which may be mentioned cerium, prosco* 

563 
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(lyrnium, noodyinium, samarium, gadolinium, dysprosium, 
holmium. erhium, thulium, ytterbium. The properties of these 
elements are so rnucli alike tliat it is often impossible to effect 
a separation. Oj)inion is still divided as to how these elements 
arc to be fitted into the Periodic Table. A rough division of 
those rare elements into two groups can be effected by saturating 
tlie neutral sohition of the oxitles in nitric acid with potassium 
sulphate. Double sulphates of the yttrium gro\ip (Y, Yb, Er, 
Ho, Tm, Tb, Sc) remain in solution while the double sulphates 

of the cerium group (Nd, Pr, La, Ce, Sm, Gd) arc rendered 
insoluble. 

Group 3B~Boron, Aluminium, Gallium, Indium, 

Thallium 

Boron 

General Remarks.—Boron is the least metallic of the ele¬ 
ments of tiic grouj). u fact which is not to be wondered at when one 
considers its position between gliieinum with its amphoteric 
oxide and carbon witli its acidic oxitic. Boron, as an element, 
is to bo classed as a metalloid, a transition element lying between 
the pronouncedly metallic elements and the non-metals. Its 
chemical nature is shown by its tendency to form borides with 
metals and a stable hydride (cf. nitrogen), furthermore bj' the 
stability of the borates. These facts compel one to class it as 
a non-metal, but the distinct ami>hotcrism exhibited by its 
only oxide, BgOj, shows tliat tlio element has also certain 
properties generally associated with the metals. In other 
words, boron trioxido is a weak acid oxide, but also possesses 

very weakly defined basic properties. Boron is habitually 
trivalcnt in its compounds. 

Occurrence. The acidic nature of boron trioxide, coupled 
with its non-volatility, accounts for the occurrence of this 
element in the form of borates. Of the more important minerals 
containing boron may bo mentioned borax (tincal, Na^B^Oj) 
boric acid (H 3 BO 3 ), boracite (MgCL+ 2 Mg 3 B 30 , 5 ), colemanite 
(CajBeOi,, 5 H 20 ), borocalcite (CaB 40 ,, 4 HjO), boronatrocalcite 
(Na,B40-,2CaB40„rH,0). 

Preparation of the Element.—Amorphous boron can bo 
prepared by the reduction of the oxide with a strong reducing 
agent, e.g., sodium, aluminium, magnesium. The fused mass is 
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heated with dilute hydrochloric acid, whereby the excess of 
magnesium, etc., is dissolved out. leaving a b^o\^'n ma^ of 
amorphous boron. Other methods are indicated in the equations : 

BF3 + 3Na 3NaF + B 

2BCU + 2B + 6HC1. 

Crystalline boron can be obtained by reducing boron trioxidc 
with a con.'^iderable excess of aluminium. The reduced boron 
dissolves in the fused aluminium, from which it separates in a 
crystalline form as the temperature falls. 

Properties.—Amorphous boron is rather more active than 
the cry.^talline variety. It is a powerful reducing agent, 
decomposing steam and sulphur dioxide at a re<l heat, whilst 
at 1,200® carbon monoxide and silica arc reduced. Concentrated 
nitric and sulphuric acids slowly attack it, forming boric acid. 

Cr>-stallinc boron is much less easily oxidised. Even hot. 
concentrated nitric acid has little action upon it. Both forms of 
boron dissolve in fused potassium or sodium hydroxide, forming 

a borate. 

2B + 6KOH 2K 3BO 3 + 3H 

With many elcmcnta direct combination takes place at a high 
temperature with the formation of borides, e.g. silicon boride, 
SiB,; a few metals reduce boron trioxido to a boride : 

GMg d- MgaBa + 3MgO. 

Hydride.—By reacting upon crude magnesium boride with 
hydrochloric acid and fractionating the evolved gases by means 
of liquid air, a number of gaseous hydrides of boron have been 
isolated, e.g. B,H„ B*H,o. BeH,„ etc., probably somewhat 
similarly constituted to the many hydrides of the neighbouring 
elements, carbon and silicon. Whether boron trihydrido BH3 
exists is a matter of doubt, though its polymer B,H( has been 
separated. The existence of the hydride BaH,, reported by 
Ramsay, is doubtful. 

Boron Nitride.—This compound can ho formed by the direct 
combination of boron and nitrogen at a temperature of 6W®- 
800® ; also by the reduction of boron trioxido with carbon in a 
current of nitrogen; 

B.O, + 3C + N,->2BN + 3CO. 
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It has hern prepare*! on a large scale from borocalcite, carbon 
and nitrogen at a temperature of 1.40Cr-l.St)(r ; 


CaBAb i SC i 3X,—>4BX f CaCX^-f-TCO. 


This method was tried as a commercial means of fixing atmo- 
splicric nitrogen, but on account of the high temperature 
required for the reaction, the method jiroved unsatisfactor 3 \ 
The nitride is a \shite solid, which is decomposed by the action 
of water, alkali hydroxides and acids : 

BN +3H,0^B(0II)3 + NH 3 . 


Boron Carbide.—This compound is made by heating a 
mixture of sugar carbon and amorphous boron in the electric 
furnace. It forms brilliant black crystals, wliich are extremely 
hard, hence their use for polishing diamonds. It is very resistant 
to the action of chemical reagents, though fused potassium 
hydroxide decomposes it with the evolution of carbon monoxide. 


Halides.—All the halogens combine with boron to form 
halides, BF 3 (gas), BCI 3 (liq.), BBrj (liq.), Big (solid). These 
compounds can be obtained by the direct combination of the 
elements, or by heating the oxide with carbon in an atmosphere 
of the halogen : 

B aOj + 3C d- 3CI 3 ^ 2BC1, + SCO. 

Other methods are also available, e.g. 

B 2 O 3 d- SCaFa d- 3IKSO,—> 2 BF 3 + SC’aSO, -b SH^O. 

The halides are generally purified by fractional distillation. 

Boron trichloride is a colourless, fuming liquid, which is 
practically comj)lctely decomposed by water. 

BCia d- 3H0H->B(0H)3 d-3HCI. 

The bromide bcliaves similarly. The iodide forms largo, leafy, 
hygroscopic crystals, winch also suffer hydrolytic decomposition 
in water. 

Boron Trifluoride behaves somewhat differently when 
treated with W’ater. An interaction occurs between the hy¬ 
drolytically formed hydrogen fluoride and the undecomposed 
boron fluoride, yielding hydrojluoboric acid. 

BF 3 d- 3HOH->3HF d- B(OH)s 

BF3d-HF-^HBF4 
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(cf. the action of silicon fluoride on water and the formation of 
hydrofluosilicic acid, H-SiF#)- 

Althougli hydrofluoboric acid can only be obtained in solution, 
its salts, the borofluoridcs, are well kno^^T), KBF 4 , Zn(BF 4 )i, and 
Al(BF 4 ) 3 ,a:HjO, forming examples of such salts from metals of 
Groups 1, 2 and 3. 

Boron Oxide—Boric Acid.—Boron forms only one oxide, 
the chemical identity of which can be considered to be definitely 
established. It is most easily prepared by dehydrating boric 
acid : 

2HaB0,-3H,0-^B,03. 

It is a glassy, hygroscopic mass which is very resistant to 
heat. Its non-volatility is frequently taken advantage of for 
getting rid of more volatile oxides, e.g.: 

KjSO* + B, 03 ^ 2 KB 0 , + so, t 

Boron oxide (hydroxide) displays rather weak acidic properties, 
hence the existence of the borates, while at the same time the 
capacity of this oxide to function as a very weak base leads to 
the formation of such compounds as boron phosphate, BPO, 
(prepared from boric acid and phosphoric acid). It also accounts 
for the existence of boryl pyrosulphate, BO.HSjO,. 

Boron hydroxide, BfOH),, is commonly kno^^^l as boric ( 6 oracic) 
acid. It occurs naturally in jets of steam, issuing from the 
giound (Tuscany). The steam condenses in lagoons of water 
surrounding the outlets, and as the liquor concentrates, boric 
acid crystallises out in characteristic leafy crystals, which are 
soapy to the touch. It is but slightly soluble in cold water, 
4-0 gm. dissolving in 100 gm. of water at 20°, 29-1 gm. at 102°. 
The aqueous solution is a very weak acid, scarcely affecting 
litmus. It finds extensive use as an eye lotion and mild antiseptic. 

On heating orthoboric acid to 100°, partial dehydration occurs 
with the formation of metaboric acid : 

HjBO,—H,0->HBO,. 

Further heating at 140-160® produces tetraboric acid, 

4HBO, — H,0 

The dehydration can bo pushed even further, and the non¬ 
volatile oxide obtained (cf. the dehydration of orthophosphorio 
acid). Very few salts of orthoboric acid are known, though 
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certain tri-alkyl esters have been isolated, B(OR )3 \vhcre R 
denotes a radicle sucli as C 2 H 5 . The metaborates and tetraborates 
are common. Of the former \vc have NaBOg, Ca(B 02 ) 2 , KBOj, 
Pb(B 02 ) 2 , and several others. Of the tetraborates by far the 
most important is borax, NajB^O-.lOHjO. A i>entahydrate is 
also known. 

Borax is made from tineal by extraction with water. It is 
also obtained from boronatrocaleite by boiling with a solution 
of sodium carbonate. The filtrate is allowed to crystallise and 
crystals of borax separate out: 

Na2B,07.2CaB407 + 2Na2C03— ^SNajBA d-SCaCOai 

Aqueous solutions of sodium tetraborate react strongly alkaline. 
This arises from the weakness of the acidic group. 

Na 2 BA + 7 H 2 O 4 H 3 BO 3 + 2NaOH. 

The sodium hydroxide being a strong base, will be extensively 
dissociated, whilst the weak boric acid is practically undissociated. 
There is thus an excess of hydroxyl ions in the solution and this 
is shown by the alkaline reaction. 

If the formula NajB^O, is WTitten 2 NaB 02 .B 203 , it is seen 
that borax contains an excess of the acid oxide. Upon this 
fact is based the use of borax in borax bead testing. If a trace 
of a metallic oxide is fused witli sodium tetraborate, interaction 
between the metallic oxide and this excess acid group takes 
place, and tlio complex borates formed have characteristic 
Colours. Ihc use of bora.x as a flux in soldering is based upon the 
same priiieiplo. 

Perborates.—The perborates of the alkali metals are prepared 
by the action of hydrogen peroxide or the alkali peroxides upon 
an aqueous solution of boric acid, or a borate : 

NajB^O, d-2NaOH 4 - 4 H 2 O 2 —^4NaB03+ 5 H 2 O. 

They are also formed in small quantities at the anode during 
the electrolysis of the borates. 

Sodium perborate. NaBOa.dHjO, crystallises in largo mono- 
clinic prisms, and is stable in air, provided no carbon dioxide is 
present. On warming its aqueous solution, oxygen is evolved. 
It w an energetic oxidising agent, oxidising ferrous salts to 
ferric, manganous salts to manganese dioxide, etc Other 
perborates are Ba(BO,)^ Mg(B 03 )„ Co(B 03 )„ 
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Occurrence.—Aluminium occurs extensively in the form of 
oxide, halide, aluminate and silicate. The ruby, sapphire 
and corundum are more or less pure oxide, AljOj, while in 
the hydrated form aluminium oxide is found as diaspore, 
AljOa.HzO ; hydrarpj’Uite, AlaOa.SHjO; and bauxite, Alj 03 , 2 H. 0 ; 
as aluminate, the spinel group serves as an example, gahnite, 
ZiiAljO* (ZnO.AljO,); spinel, MgAl^O.; chrysoberyl, GIAI 3 O*. 
As double fluoride cryolite is of the greatest importance in the 
metallurgy of the clement; finally, as silicate, its occurrence is 
widespread, the felspars and clays being goo<l examples of this 
class of naturally occurring aluminium compounds. Potash 
felspar or orthoclase is KAlSijO,. 
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Metallurgy.—The entire world’s production of aluminium is 
obtained by the electrolysis of fused aluminium oxide, fused 
cryolite, NajAlFa, 

acting as the sol- A*’A ^ ^ 

vent. The cell con¬ 
sists of a wrought- 
iron box, the bot¬ 
tom of which is 
lined with carbon 
plates. These serve 
as the cathode. The 
anodes arc a set of carbon rods arranged in rows and suspended 
in the fused electrolyte. The alumina used during tlio electro¬ 
lysis must be quite pure. Nowadays the purification is generally 
effected by the Bayer process, which is described later. During 
the electrolysis carbon monoxide escapes from the anode, whilst 
aluminium collects at the bottom of the cell and may bo run off 
at intervals. Tlicro is very little loss of cryolite during the 
electrolysis (Fig. 133). 


Fia. 133. 


Properties.—Aluminium is exceedingly light, tough and of 
great tensile strength (M.P. 657*^). It is attacked superficially 
by oxygen and a protecting film of closely adhering oxide 
formed. With frequent annealing it can bo rolled into shccte 
or drawn into wire. As a conductor of heat and electricity it is 
good. Some of its alloys find extensive use in the construction 
of aeroplanes owing to their toughness and lightness. Aluminium 
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bronze (!).“> per cent, copper) is easily fusible, light, strong and 
elastic, and takes a beautiful polish. 

^ Aluminium is used in tlic metallurgical purification of iron. 
Small cjuantities of aluminium are added to the molten iron 
to remove dissolved gases, and hence prevent the formation of 
air holes in the iron. In a finely divided form aluminium is a 
most energetic reducing agent. A mixture of ahiininium powder 
and ferric oxide [thermite) is often used for welding in situ : 

2AI d-Fe.Oa-^Al^Oa + 2Fe. 

The fuse is fired by means of magnesium wire and a little barium 
peroxide. At tlie liigh temperature generated during the reaction, 
the iron melts and rums into the crack round which the thermite 
has been packed. This is the basis of the Goldschmidt “ alumino- 
thermic process of welding. All the oxides, except that of 
magnesium, are .similarly reduced by aluminium. 

Aluminium reacts freely with hydrochloric acid, but is scarcely 
attacked by nitric or cold suli>huric acids. Hot sulphuric acid, 
houever, effects solution, sulphur dioxide being evolved. It 
dissolves easily in a boiling solution of the alkali hydroxides. 
This is closely associated with the solubility of aluminium 
hydroxide in sodium or potassium hydroxide, so that the surface 
of the metal is kept free of any protecting film ; 

2A1 -b CNaOH -^oNuaAlOa 3H,. 

Soilium .-Mumiimto. 

It is also dissolved by an aqueous solution of sodium carbonate. 
With chlorine, the formation of tlic chloride proceeds vigorously ; 
combination with such elements as phosphorus, carbon, sulphur, 
is only brought about at fairly high temperatures. 

Chi:MIC.\L ClI.VRACTERISTICS OF THE COMPOUNDS OP 

Aluminium 

The chemistry of aluminium is indissolubly bound up in the 
properties of its oxide, ALO 3 . and its hydroxide Al(OH),. 
The position of the element in the Periodic Table as the second 
mcniher of Group 3, standing rouglily midway between sodium, 
which forms a strongly basic oxide, and cWorine with its acid- 

forming oxide, is accountable for the amphoteric nature of this 
oxide and hj'droxido. 

In a saturated solution of aluminium hydroxide tlie fo^o^ving 
equilibria arc set up : 
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A1 * " ♦ +3011 - A1(0H)3 Al(On)3:^3U * + AlO,^ 

Dissolved. Dissolved, 


A1(0H)3 



Solid. 

The addition, cither of a strong base or of a strong acid will 
disturb these equilibria, the former by the removal of hydrogen 
ions, the latter by the removal of hydroxyl ions, so that in 
either case more of the hydroxide must pass into solution. 
By the addition of strong acids to aluminium hydroxide there 
will bo formed aqueous solutions of aluminium salts in which 
aluminium functions as a trivalcnt base, e.g. : 


2A1(0H), + SHjSO, ^ ^Vl^fSOjj + GH *0. 

The weakness of aluminium hydroxide as a base accounts for 
the ease with which such salts of aluminium undergo hydrolytic 
decomposition ; at the same time it explains the non-existence of 
salts, such as the carbonate and sulphite, and the decomposition 
of aluminium sulphide in aqueous solutions. On the other hand, 
the action of such bases as sodium hydroxide upon aluminium 
hydroxide leads to the formation of a new tj'pe of salt in w’hich 
aluminium functions as part of the onion. These salts are 
termed aluminales ; their formation and constitution are made 
clear by the following equations : 

A1(0H)3^3H-" +A10,= 

3NaOH ^ 30H- + 3Na ^ 

A1(0H)3 + 3NaOH ^ 3H ^ 

3H,0 + 3Na+ +A 103 = 
The extreme w’cakness of aluminium hydroxide, considered as 
an acid, accounts for the far-reaching decomposition when these 
aluminates pass into aqueous solution. 


Aluminium Oxide and Hydroxide.—Aluminium oxide 
occurs in nature in the crystalline form (corundum). When it is 
tinted with a trace of a chromium compound, the ruby is formed, 
with a trace of cobalt the sapphire. Artificial rubies are prepared 
by igniting powdered alumina containing a trace of chromium 
oxide. Emery powder is an impure grade of corundum, containing 
ferric oxide. 

Although freshly precipitated aluminium hydroxide is freely 
soluble in acids, the fused oxide is very unrcactivo. Acids have 
practically no action upon it. It can bo brought into solution 
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by fusion with potassium bisulj)hatc or liydroxide, forming in 
the one case aluminium sulphate, in the other potasbium 
aluininatc. 

Aluminates.—A number of naturally occurring aluminates 
arc known (spinel ruby, .MgAKO^ ; gahnite, ZnAijO, ; iron 
spinel, FeAUO^, etc.). These are salts derived from meta- 
aluminic acid : 

H3AI03-1KO—>HAIO, 

Orfho-ulutniuir acid. Jlcta-nlnminic arid. 

The formation of aluminates by the action of a strong base 
upon aluminium hydroxide has already been discussed. This 
reaction has become of ever increasing importance, as it affords 
the industrial chemist a means of preparing from impure bauxite 
aluminium hydroxide of sutricicnt purity for use in the electro¬ 
lytic manufacture of aluminium. 

In the dry process of purifying bauxite the mineral is ground, 
and roasted with sodium carbonate in a reverberatory furnace 
to sintering. Ihe sotlium nluminato is rapiilly leached out 
with water, the iron oxide and silica being left behind : 

Al^OiOH), + 3Xa2C03->2Na3AI03d-3COa-h 211.0. 

I ho liot solution of sodium aluminatc is then treated with 
carbon dioxide, tlic hydroxide separating out: 

2Na3A]03-f-3C03 + 3H;0->-2Al(0H)3 4' +3Na.C03. 

An improvement in the method of precipitating the aluminium 
hydroxide was elTectcd by Bayer, who secured the desired 
eilcct merely by stirring in a little aluminium hydroxide. Nearly 
all the alumina separates out in a very pure form. Apparently, 
the sodium aluminatc is largely h 3 ’drolysed into colloidal 
aluminium hj'droxidc, and this coagulates when nuclei are 
stirred into the solution. 

Bayer has also put forward an economical wet process. The 
bauxite is digested under pressure ^\^th concentrated sodium 
hydroxide and the meta-aluminato passes into solution : 

Al^OfOH), + 2Na0H-^2NaA102 + 3 H 2 O. 

The filtered solution is then Wgorously stirred and aluminium 
hydroxide separates from the solution. The whole of the sodium 
hydroxide is then recovered. 

Aluminium hydroxide is often precipitated upon the fibre 
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of certain fabrics before exposure to the action of the dyestuff. 
The aluminium hydroxide absorbed upon the surface of the 
fibre forms a loose chemical compound with the dyestuff. 1 le 
actual colour taken on by the fibre depends not only upon the 
dyestuff chosen, but also upon the particular mordant precipitated 
upon the fibre to bind the dye. Other such mordants are the 
hydroxides of tin, iron and chromium. 

Halides .—Hydrated aluminium chloride^ A 1 C 13 . 6 H 20 can bo 
prepared by the crystallisation of a solution formed by saturating 
hydrochloric acid with aluminium hydroxide. Any attempt to 
dehydrate this hydrate results in a residue of aluminium oxide 
being left. The hydrolysis may, however, be effectively prevented 
by carrying out the dehydration in an atmosphere of hjdrogcn 
chloride. Other methods of preparing anhydrous alumimum 
chloride are based upon the equations : 

A 1,0 s + 3C + 3CK -> 2 AlCl 3 + 3C0 

2A1 + 3C1,^2A1CU 

4A1 2 O 3 + 3S ,C1 3 + 9CI 2 8A1C1 3 + GSO* 

The sulphur cliloride and clilorine may be replaced by carbon 

tetrachloride. ... 

Anhydrous aluminiuyn chloride is a white, hygroscopic solid, 
which sublimes readily. On exposure to air, it fumes free y, 
owing to the aqueous vapour of the atmosphere causing 

hydrolysis : 

AlCI 3 + 3H0IIA1(0H)3 d- 3HC1. 

Aluminium chloride is soluble in alcohol, ether and other 
organic solvents. Quito a number of double halido 
been prepared from aluminium chloride, e.g. AlCls.N 4 » 

AlClj.KCl : AlCU.Naa ; 2A1C1„3KC1 ; 2AlCl3,3NaCl ; 

AlCl 3 . 3 Naa ; A1C1„3KC1, etc. Aluminium bromide and 

iodide can bo prepared by means similar to those adopte or 
the chloride. Their properties resemble those of the chlori e. 

Aluminium fluoride is best prepared by evaporating a solution 
of aluminium in hydrofluoric acid and subliming the residue 
in a carbon tube in an atmosphere of hydrogen. It is inso u o 
in water and forms small cubes. Hydrat^ fluorides of aluminium 
can be obtained from the solution of aluminium fluori o m 
hydrofluoric acid. Cryolite is a double sodium alumimum 
fluoride, NajAlF,, or AlF„3NaF, similar to the double chlorides 

enumerated above. 
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Aluminium Sulphate.—The sulphate is prepared from bauxite 
or from kaolin (china clay). For pure samples of aluminium 
sulphate the bauxite is first converted into pure aluminium 
hydroxide by tiie methods described above, and the precipitated 
aluminium hydroxide is then treated with sulphuric acid. 
Commercial aluminium sulphate is, however, obtained by heating 
the naturally occurring bauxite with sulphuric acid. The 
product contains appreciable quantities of iron, and is only 
fit for such commercial operations as the sizing of paper and for 
the purification of sewage, etc. 

In manufacturing aluminium sulphate from kaolin, the 
calcined clay is treated with sulj)huric acid, and after some time 
a mass known as alum cake separates : 

H,AI,{Si0,), + 3H2S04->AI,(S0,)3 + 2H,Si03H-2Hj0. 

The alum cake is lixiviated with water and the clear liquid 
evaporated till crystallisation sets in. 

Pure aluminium sulphate is used extensively as a mordant, 
the actual mordant being aluminium hj’droxide which is 

precipitated upon the fibre. Basic sulphates of aluminium are 
known. 

Potassium Aluminium Sulphate—Alums.—If a strong 
solution of aluminium sulphate bo treated with potassium 
sulphate, well defined octahedral crystals of potassium aluminium 
sulphate cr 3 ’stallise from the solution. Those have the com- 
po.sition, K2S04,Al2(S0j)3,24H30. Quite a number of similarly 
constituted salts have been prepared ; these are named the alums. 
The general formula. M2'S04,M2"'(S04)3,24H30, appUes to 
them all. M‘ denotes a monovalent metal such as K. Na, Rb, 
Cs, NHc, whilst M"' denotes a trivalent metal, Fe, Mn, Al, Cr, 
Ga, In. Hiese salts, as well as the corresponding selenates, 
arc all isomorphous. In aqueous solutions of the alums, the 

double salts are largely decomposed into the single salts and 
their ions, 

K2S04,AK(S04)3.24H30 ^KjSO^+Al 2 ( 804 ) 3 + 24 H 2 O, 

but at the same time it must not be overlooked that these 

double salts give definite evidence of complex formation, i.e. 
the equilibrium 

K2[AJ3CS04)4.24Ha0]^K2S04,AI,(S04)3,24H20^, 

K3SO4 + Al 2 (S 04 ), + 24H2O 
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exists, but the equilibrium in this case lies far over to the right. 
As already stated, the difference between double and complex 
salts is merely one of degree, rather than of kind. 

Potassium aluminium sulphate is largely made from alunito, 
a basic potash alum. This is heated, when decomposition occurs, 

2KAl3(OH)o(SOOt->K2SO,.Alj(S04)3ri-4AI(OH)3. 

The calcined mass is then extracted ^rith water. The con¬ 
centrated liquor is allowed to crystallise in wooden vessels. 
These crj’stals generally contain very small quantities of iron 
oxide, hence their faint colour. An improvement on this process 
is to treat the calcined alunite with sulphuric acid and the 
solution is then allowed to crystallise. Alum first separates 
from the solution, and if the mother liquor is further concentrated, 
the soluble aluminium sulphate crystallises. Potash alum is 
also obtained by treating bauxite with sulphuric acid, aluminium 
sulphate being thereby formed. To the hot solution containing 
this salt, there is added a strong solution of potassium sulphate. 
On cooling, potassium aluminium sulphate separates as a fine 
mass. 

Potash alum is used as a mordant, in the dressing of skins, 
in sizing paper and in making fire-proof materials. Its solutions 
react acid to litmus. Potash alum is very much more soluble 
in hot water than in cold (at 0*^ 3-9 gm. dissolve per 100 c.c. ; 
at 100®, 357-3 grams dissolve). 

Nitride.—This compound is produced either by direct syn¬ 
thesis at 800-1,000®, or by heating together a mixture of alumina, 
carbon and nitrogen. 

AI 3 O 3 + 3 C +N,-J^2A1N -f SCO. 

It is a grey amorphous powder which is decomposed by water, 
yielding aluminium hydroxide and ammonia. 

Aluminium Carbide.—Aluminium carbide is obtained by 
strongly heating a mixture of aluminium powder and carbon in 
a furnace to a temperature from 900-1,200®. At temperatures 
above 1,400® it dissociates into its elements. Aluminium carbide 
is slowly decomposed by water, forming aluminium hydroxide 
and methane : 

AI 4 C, -f 12H,0->4A1(0H), + 3 CH 4 . 

Aluminium Sulphide.—This compound can bo prepared by 
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hoatinj? alumina to redness in a stream of earbon disulpbide, or 
in accordance with the following eciuations: 

AUO 3 > AUS^ + 3H,0 

ARO 3 + 3C + 3S-> AUS 3 + 3 CO 3 . 

Owing to the far-reaching hydrolysis which it undergoes, it 
cannot be prepared in the wet way. 

A1,S3 + 6H0H-^2A1(0H)3+3H3S. 

Aluminium Acetate.—Aluminium acetate, prepared by 
treating aluminium sulplmto with lead acetate, 

SPblCjHaOala + AUlSOj 3 2A1(C3H303)3 + 3PbSO, I 
or by the action of acetic acid upon aluminium hydroxide, is 
used freely as a mordant, and in colour-printing upon cloth. 
This salt, being constituted from a weak acid and a very weak 
base, is almost completely hydrolysed by hot water, hence its 
application ns a mordant. 

AllCjlUOjla + 3H01I —^ A1{0H)3 + 3 CH 3 COOII. 

Earthenware, Pottery, Porcelain.—Felspathicrocks (granite, 

etc.) arc slowly attacked under the combined action of water 
and carbon dioxide. The potash is largely removed in the 
dissolved state and the residual aluminium silicate, kno^vn as 
clay, is left. Kaolin is very pure clay, HsAIafSiOjg.H.O. 
Moistened clay has the property not only of retaining its shape 
for some time, but, when heated carefully, sinters into a hard, 
porous mass without undergoing any change of shape. The use 
of clay in the manufacture of bricks, tiles, pottery, porcelain, 
etc., depends upon this. 

Poorer qualities of clay, containing iron and other impurities, 
are used in the maniifacturo of bricks, tiles and earthenware. 
The redness of the fired product is due to the oxidation of the 
iron to the ferric state. Finer varieties of pottery are made from 
a high grade clay, together with quartz and felspar. The material 
is moulded into the desired shape and fired in kilns, wherein a 
temperature of a little over 1,000° can be maintained. An 
cnglobe or slip is frequently introduced on to the surface of the 
pottery, especially where the colour of the latter is somewhat 
undesirable. The slip consists of a pure clay mixed with some 
of the constituents of the glaze. The slip is placed between the 
pottery and the glaze, its solo purpose being to give a finer 
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surface to which the glaze may adhere. The glaze itself may be 
a salt glaze, introduced by tlirowing the salt mto the furnace 
or a mixture of fusible Cornish stone and felspar. If it is desired 
to colour the potterj-, suitable metaUic oxides, or glasses prepared 
from them, are either introduced into the glaze or into the sbp. 

Porcelain, the finest kind of pottery, is translucent and almost 
glassy. The heating has been carried nearly to the point o 
fusion; moreover, the constituents employed arc of the tmest 

quality. 


Ultramarine is prepared by fusing together kaolin, 
carbonate, sulphur and charcoal in the absence o 
resultant mass, which is of a green colour, is ^\as ^ 

dried, mixed with sulphur and heated in the air until the dc 

shade of blue is acquired. The constitution 
uncertain, but it is considered to be a complex ^ 

silicate, with some sodium sulphide. Hydrochloric acid 
hydrogen sulphide from it. Ultramarine is enip oye m rem 

the yellow tint from sugar, paper, linen and co on goo 
well as for laundry purposes. It is also used as a pigmcn 


Gallium. Indium, Thallium 

In passing from the short period elements, boron and 
aluminium, to the long period elements, gallium, indium an 
thallium, there is a fairly regular change m the basicity of 1 
oxide. Boron trioxide, we have already seen, 
though its basic properties are loss strongly developc , 

acidic ; aluminium oxide is amphoteric ; the oxides J 

of gallium and indium are also amphoteric, while t a o m 
is weakly basic. The gradual strengthening m the basic P^oP^rty 
of the group oxide in passing from boron to a min 
agreement with that shown by the oxides of other groups, -g- 
the nitrogen group. 

Gallium forms two types of salts, the 
and the trivalent from Ga ,0 >. The latter arc strong y y y ’ 
Callous salts tend to break down in accordance with the equatio . 

3Ga++ 2Ga+■*■"■+Ga. 

Gallates are also known. Well defined alums, isomorplmus nith 

the alums of aluminium, iron, etc., have been iso ate 

pp 
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Indium forms tlirce typos of salts, the monovalent from 
Iti.O, divalent from InO and the trivalent from In^Oj. Salts 
"f the two lower types undergo auto-oxidation in aqueous 
solution in aceordanec with the equations: 

:HnCl;=^2In + InCl3 
3InCIj^In + 2InCl3. 

^ trivalent salts are strongly hydrolysed in aqueous solution. 
\\el defined alums, isomorphous with potassium aluminium 
sulphate, have been prepared. Indates arc also known ; 

In(OH)3 + 3K0H K^InO^ + 3H,0. 

Both gallium and indium are found in zinc blende. 

Thallium is often found in the blendes (sulphides) of iron, 
7 -inc, and also associated with tin and copper selenide. It is' 
recovered from the chamber mud and flue dust from vitriol 
factories where thallifcrous pyrites lias been used. It was 
discovered by Crookes in such deposits by the aid of the spectro- 
scope. Thallium gives two oxides of which the lower T1,0 is 
strongly basic. The salts. TlCl, TUSO., etc., obtained from this 
oxide strongly resemble the corresponding salts of silver even 
to the insolubility of the halides. It is interesting, too’ that 
thaUous chloride darkens under the action of light, possibly due 
to a similar photo-chemical reduction to that wliicli takes place 
when silver eldoride is exposed to the action of light. The 
scsqui-oxidc. TI 3 O 3 . gives a scries of salts, c.g. TlClj, Tlj(S 04 ) 3 . 
m which thallium is trivalent. The weakly basic nature of 
1 .A, compared with TUO. accounts for the strong hydrolysis 
winch the trivalent salts undergo. Thallic hydroxide is insoluble 
in alkali hydroxides. Although thallic sulphate forms double 
su p lates with the alkali sulphates, these are not isomorphous 

with the alums. A number of thallous-thaUic compounds are 
also known, e.g. TlCla.TlCI. 

Questions 

aluminnu''*^ preparation and commercial importanco of sodium 
and 

l.ow thlTn^V r holmviour of aluminium hydroxide and show 

with the'^Tpertrstf -mpounda are intimataly cotmoeled 
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4. Give an account of the commercial preparation, tho constitution 

and properties of borax. , , . • . , -j 

5. Why is ammonium hydroxide capable of dissolving zinc hydroxide, 

but unable to dissolve aluminium hydroxide ? 

6. What is an alum ? What elements are capable of forming alums, 
and what does this capacity to yield alums signify 7 

7. Give on account of the modern methods of purifying bauxite. 
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GROUP 4: 

GERMANIUM, TIN, LEAD, TITANIUM, ZIRCONIUM, 

CERIUM, THORIUM 

The fourth group of elements is shown in the following scheme : 
C Of tliesc, the elements carbon and silicon have already 

I been treated in detail, it remains now to see how far 

/Si the properties of these elements and their compounds 
-Ii \ persist through the other members of the group and 

I Ge how far these properties are modified by the increas- 

Zr I ing atomic weight of the element. 

I Sn The formula of the typical group oxide is MO 3 , of 

Hf I the chloride MCI*, of the hydroxide M(OH)*. All 

i PI) the elements of the group form compounds of this 

Ih type, though the occurrence of these compounds does 

not justify the conclusion that no other oxides, 

chlorides, etc., exist. AU that the Periodic Law demands is that 

the elements m each group shall exhibit certain fundamental 

similarities which justify their inclusion in one group. The 

appended table throws into prominence the group characteristics 
of these elements. 

TABLE 54 
Group 4B 


Sn 


Hf 


Th 


PI) 


Elomont . . Carbon. Silicon. German- Tin. 


At. wt. . . 

Sp. gr. . . 

Melt. pt. . 

Oxido 


Ortho-acid . 
Mcta-acid 

Chloride . 
Boil. pt. . , 


12 

2 3-3-5 


CO„ 

weakly 

acidic 

[C(OH)*] 

H,C 03 

carbonic 

CCl. 


28-3 
2 35 
1,500" 
(about) 
SiOj 
weakly 
acidic 
Si(OH)* 
H.,Si 03 
silicic 
SiCL 


lum. 

72-5 

6-47 

900" 

GeOj 

ampho¬ 

teric 

Gc(OH)4 

HjGeOj 

germanic 

GcCI. 


.■;no 


no 

5-8-7-3 

231" 

SnOg 

ampho¬ 

teric 

Sn(OH)^ 

HjSnOj 

stannic 

SnCL 

114" 


Lead. 

207-1 
11-4 
320® 

PbO, 

ampho¬ 

teric 

Pb(OH). 

H^PbOj 

plumbic 

PbCl4 

decom* 

posea 


580 
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Element * 

Titanium. 

Zirconium. 

Cerium. 

Thorium. 

Oxido 

TiO, 

ZrO, 

CcO, 

ThO, 


ampliotoric 

amphoterio 

basic 

basic 

Hydroxide • 

Ti(OH)4 

Zr(OH)4 

Co(OH)4 

Th(OH)4 

Chloride . • 

TiCl* 

ZrCl4 

CeCl4 

ThCl* 


Group 4B 
Germanium 

This element forms two oxides, GeO and GcOj, both of which 
are amphoteric. Both oxides give rise to chlorides, fluorides, etc., 
whilst the hydroxides arc soluble in acid and alkali. Germanium 
has many properties which are suggestive of carbon and silicon, 
o.g. it forms a wcU-defined germanium chloroform, OcHCla 
(cf. CHCla, SiHCla); by the hydrolysis of this compound ger- 
mano-formic acid is formed. 

GcHCIa -t-3NaOH —?.3Naa -fHGcOOH +H 3 O 
cf. CHCla +3NaOH ->3NaCl -fHCOOH +H 2 O 


Tin, Lead 

General Remarks.—The facts summarised in Table 
contain the key to the chemistry of these elements. 

TABLE 65 


Pb,0 

Bub* 

pluml>ouB 

saha 

Pbl 

PbCl 


Oxides 

CO 

6nO 


Oxides 

CO, 

SiO, 

SnO, 


PbO 


Pb ,04 

Pb,0, 


PbO, 


plumbous 

Salta 

PbS 04 

Pba. 


plumbitos 



No,PbO, no salts 


plumbic plumbntcB 
Balts 

Pb(S 04 ), 

Pb(Acct )4 No,PbO, 


55 


stannous 

stannites 

* 

stannic 

stannatca 

4 

e g 

Eolta 


aalta 



Sna, 

8 nS 04 

KojSnO, 

SnCl, 

Sn(S 04 ), 

No,SnO, 

i| 


O 


55 

'I 

a 


locreftae la addle naiuro of oxldo. 
Decrueo to baiie oature of oxide* 
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Of tho two oxides SnO. PbO, it follows that PhO is the stronger 
base, hut SnO will bo the stronger acid-forming oxide, hence 
salts <lcrived from PbO functioning as a base, e.g. PbCl;., PbS 04 , 
will be more stable and less hydrolysed than corresponding salts 
formed from SnO, e.g. SnCl 2 , SnSO^. On the other hand tho fact 
that stannous oxide, SnO, is a stronger acidic oxide than plumb¬ 
ous oxide, IM)0. accounts for the fact that when these oxides 
function as acids, salts formed from the oxide, SnO, will be more 
stable and less hydrolysed than salts formed from tho oxide 
PbO, i.e. the stannites will be more stable than the plumbitcs. So, 
too, tlie stannates are more stable than the plumbates. So far 
as the relative strength of tho salts formed from the different 
oxides of the same element are concerned, in accordance with tho 
general rule that tlie higlicr oxide is the more acidic, the stannates 
aio more stable than the stannites, the plumbates more stable 
than tho phimbites. But where the oxides function as a base as 
in the compounds PhCb, PldSO*),. tlie lower valent salts, being 
derived from the stronger base, will always be found to be tho 
more stable. 

Tin 

Occurrence and Extraction.-—Tin occurs native in small 
quantities, but tho commercial source of tin is cassitorito or 
tinstone, Sn 02 , which consists of tetragonal crystals coloured 
brown by iron and other impurities. This ore occurs in Corn¬ 
wall, Malay Peninsula, Australia, East Indies, and Germany. 

The ore is first concentrated by washing away earthy impuri¬ 
ties from the crushed ore. It 'is then roasted to oxidise tho 
sulphides of iron and to remove arsenic. The roast is washed, or 
treated oicctro-magnctically to separate it from tho magnetic 
wolfram, a mineral of nearly equal density with which it is 
often a.ssociated, and the tin oxide so obtained is reduced by 
heating with carbon (coal) in a reverberatory furnace. The molten 
tin is run off and cast into ingots. Further purification of this 
block tin is effected by heating it slightly above its melting point 
so that it can run away from its associated dross. Tho molten 
metal is further stirred with a billet of w'ood w'hen the more 
easily oxidisablo impurities are removed in the form of oxide. 

Properties.—Tin resembles carbon in existing in three 
distinct allotropio modifications, rhombic, tetragonal and grey 
tin. The latter variety is prepared by cooling the crystalline 
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modification well below 18®, when the crystals crumble into 
powder as if attacked with a disease. This plienomenon was 
first noticed during a very cold winter in Russia, when many tin 
organ pipes crumbled into powder. Physico-chemical investi¬ 
gation showed that this apparent disease arose from the conver¬ 
sion of the unstable crystalline modification into the stable 
powdery form. The equilibria representing these changes are 
expressed in the equation : 

Rhombic tin ^ tetragonal tin grey tin. 

161® 18® 

Tin is a soft malleable metal, so ductile that it can bo beaten 
into tin foil. It is in much demand for coating sheets of iron in 
order to prevent them from rusting, a process generally effected 
by dipping thin sheets of iron into molten tin. Copper cooking 
vessels are treated similarly. Many alloys arc used commer¬ 
cially, e.g. bronze (tin, zinc, copi)er and lead), soft solder (tin, 
lead), pewter (tin, lead), Britannia metal (tin, antimony, copper). 

Tin is attacked by hydrochloric acid, forming stannous 
chloride, SnCla and hydrogen. Hot sulphuric acid forms 
stannous sulphate and sulphur dioxide. No doubt, the hydrogen 
at the moment of liberation is oxidised by the fairly active 
oxidising agent H 3 SO 4 . 

Sn + HaSO.-^ SnSO* + 2H 
2H + H 3 SO 4 SO 3 + 2 H 3 O 

Dilute nitric acid, when cool, dissolves tin with the formation of 
stannous nitrate, the nascent hydrogen reducing some of the 
nitric acid to ammonia. 

4Sn + 10 HN 03 -)^ 4 Sn(N 03)3 + 3 H 3 O +NH 4 NO 3 . 
Ordinary concentrated nitric acid produces stannic nitrate which 
is hydrolysed to meta-stannic acid. 

Sn + 4 HN 0 a->H 3 Sn 03 + HjO + 4 NO 2 . 

Tin dissolves slowly in a boiling solution of sodium hydroxide. 
This reaction is most easily explained by the hypothesis that tin 
reacts with water in accordance with the equation: 

Sn 4- 2 H 30 ->Sn( 0 H )3 + Ui- 

Owing to insolubility of the hydroxide with the consequent for¬ 
mation of a protecting surface layer, the reaction in pure water 
stops at once, but in the presence of sodium hydroxide this 
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protecting film is instantly removed by the formation of the 
solul)le slannite. 

Sn(OH), + 2 Na 0 H^Na,Sn 02 -f 2 H 2 O. 

Oxides and Salts of Tin. 

Tin forms two oxides—stannous oxide, SnO, and stannic 
oxide, SnO^. 

From stannous oxide arc derived : 

1. Stannous salts in which tin beliavoe as a divalent cation, 
Sn'-CU. 

2. Stannites in which the tin forms part of the acid group or 
anion, NaaSnO,. 

From stannic oxide are derived : 

3. Stannic salts in which the tin functions as a quadrivalent 
cation, Sn‘'(S 04 )j. 

4. Stannates in which the tin forms part of the anion.— 
NaaSnOj. 

Stannous Oxide and its Salts.—N/annows oxide is a black 

|)owder formed by the breaking down of stannous oxalate in the 
absence of air. 

SnC.O. SnO + CO + CO 2 . 

When heated in the air, it passes into stannic oxide. Stannous 
oxide, being an amphoteric oxide, dissolves in the alkaline 
hydroxides to form stannites, and in strong acids to form normal 
metallic salts. 

SnO + 2HCI ^ SnCla + H 3 O. 

Stannom chloride, SnCI;^, is the most important of the stannous 
salts. It is generally obtained by the action of tin upon hydro¬ 
chloric acid. Owing to the weakness of the base, SnO, stannous 
chloride undergoes considerable hydrolytic decomposition on 
solution in water, with the precipitation of an oxychloride. 

SnCla + H 2 O Sn{OH)Cl i + HCl. 

In accordance with the Law of Mass Action, this hydrolysis will 
be effectively prevented by tho addition of hydrochloric acid. 
Stannous chloride is a strong reducing agent, passing into stannic 
chloride. Thus ferric chloride is reduced to the ferrous state 

2FcCl3 + SnCla SnCli -f 2FeCl3 

or, witten ionicalJy, 

2F0 + + + + Sn+ + ->Sn+ + + + -f2Fo + ^ 


TIN 


685 


It wiU reduce sulphur dioxide to hydrogen sulphide (p. 233), 
mercuric chloride to mercurous chloride, and if in excess, to 

metallic mercurj’. 

2HgCl2 + Sna|—^HgjClj +SnCl4 

HgjClj + SnCla -> 21Ig + SnCl4 

The Btannites are most easily formed by the fusion of stannous 
oxide with the alkaUne hydroxides, or by the solution of stannous 
hydroxide in an exeess of the desired hydroxide. Tims, if sodium 
hydroxide is added to a solution of stannous chloride, a precipi- 
tate of stannous hydroxide is thrown down. If this is trea e 
with a further supply of sodium hydroxide a solution of sodium 
stannito is formed. The stannites are unstable, and on heating, 
undergo auto-oxidation into tin and the more stable stannatc 
(cf. nitrites, phosphites, arsenites). The stannites are strongly 
hydrolysed in water, forming the hydroxide. 


Stannic Oxide and its Salts.—5/annic oxide, SnO^, is the 
chief ore of tin. It can bo obtained by igniting tm, or more 
readily by dehydrating meta-stannic acid {q.v.) \Micn heated, 
it turns yellow, but returns to its original colour on cooling. 
After ignition, stannic oxide is very unreactive, and is only acted 
upon by fused potassium and sodium hydroxides wi i lo 
production of sUnnates. If prepared at a low temperature, 
stannic oxide will also dissolve freely in nitric an P 
acids, with the formation of stannic nitrate and su p la ro 
Bpectively. Stannic oxide (hydroxide) is amphoteric in 
so that it forms two classes of salts, those in which tin unc ion 
as a normal quadrivalent cation, and those in which t e oxi e 
forms part of the anion or acid group. 

SnOj +2Na0H-^NajSn03 +H3O 



2Na^ + SnOs" 
SnOa + 2 HaS 04 -^ Sn(S04)a +2HaO 



4-2S04- 


Stannie chJoride is readily obtained by the action of chlorine 

upon tin or upon stennous chloride. It is a 

which boils at 114®. Various orystallino hydrates, bnU 4 ,htiatJ ; 
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.SnCl, 311.0 ; ), have been isolated, of which the first has 

eons,den. l,le eommereial h.iportance as a mordant in dycinR. The 
slight eonductiyity of an af,i.cous solution of stannic chloride indi- 
eales that very few Sn - - ^ ions exist in thesolution ; on standing, 
the conductivity slowly rises, due to the progressive hydrolyst 

SnCl, 4'4HOH^Sn(OH), + 4HC1 


tp, , . 4HM4C1-. 

The stannic hjalroxide (stannic acid) does not separate out but 

tralkd!''n ; combines with 

he alkali chlorides to form complex chlorides, 2NaCl SnCl, or 

more correctly. Na.SnCl.. These complex chloridcV of which 

many have been prepared, are ilerivcd from the acid, H,SnCI.. 

which ionises ...to 2H* and SnCl.-. Ammonium stannic 

chlondo (NH,),S.iCI„ which is used as a mordant in dyeina 

coUon, IS an example of this typo of compound. ° 

T) • * Y 1 ^ arc stannic bromide, 

SnBr,, stannic sulphate, S..(SO.)„ produced by the solution of 

nUrate SiUNO "l "I “f'- ‘'‘<= “"^‘hble stannic 

1 lo «!?h.f Ih'^ntitics during 

the solution of tin in not too concentrated nitric acid. 

whh^eelT"“”"“'“ “dded to stannic chloride, a 

th s ha®, H precipitate is thrown down. If dried in the air, 

ac d buff 7T' ortho-stannie 

acid, but If dried over sulphuric acid, water is given up and 

frifv in ““Photcrie nature, dissolves 

freely m nitric sulphur.o and hydrochlorio acids as woU as in 
sodium and potassium hydroxides. 

to Jetheff ® are readily formed by fusing 

sofuble and f'"'' hydro.xide. These are freely 

e the cn The other stannates are insoluble 

interest as it has long been recognised 
tl f hVI modifications. When product by 

of htdmrir’^ '''' addition 

of hydrochloric acid to sodium stannato, 

NaaSnOa + 2HC1 —^ 2NaCl + HaSnOa 
it forms the so-called a-modification. The main characteristic of 


LEAD 


687 


a-mcta-stannic acid is its ready solubility in nitric, sulphuric and 
hydrochloric acid, and in sodium and potassium hj'droxides. 

^-Meta-stannic acid (HjSnOa)^ is formed by the action of 
nitric acid upon tin. It dissolves slowly on boilingwith sodium 
hydroxide, forming a soluble sodium stannate On 

treatment with hydrochloric acid, it forms an oxychloride with 
projwrties distinct from those of the corresponding compound 
formed by the solution of the a-meta-stannic acid in hydrochloric 
acid. These characteristic reactions point to the possibility that 
the ^-acid, although of the same empirical composition, is yet 
a i)olymcr of the a-acid. On fusing /J-meta-stannic acid with 
sodium hydroxide, the same a-stannato is obtained as from 
o-meta-stannic acid. 

Stannous and Stannic Sulphides .—Stannous sulphide is 
produced either by the direct action of tinfoil upon sulphur 
vapour, or by the passage of hydrogen sulphide through a 
solution of stannous chloride. It is a dark browm powder. 

Stannic sulphide is a yellow compound obtained by the action 
of hydrogen sulphide upon a solution of stannic chloride, or by 
heating together tin amalgam, ammonium chloride and sulphur 
in a retort. Beautiful golden scales are left in the retort, and 
arc used as a pigment under the name of “ mosiiic gold.’* Stannic 
sulphide dissolves freely in potassium hydroxide or in a solution 
of the sulphides of the alkalies. 

SnSj + (NH.laS-XNH.ljSnSa 

Ammonium thiostannate. 

Advantage is taken of this reaction in separating tin sulphide 
along with the sulphides of arsenic and antimony (^.v.) from 
the sulphides of other metals. The tin is precipitated in the 
form of stannous sulphide which is but slightly soluble in pure 
ammonium sulphide. In the presence of yellow ammonium 
sulphide, (NH 4 ) 3 S-t-a‘S, oxidation of stannous sulphide to stannic 
sulphide is at once effected by the excess of sulphur present, and 
the stannic sulphide passes into solution as the soluble thiosalt. 

Lead 

General Remarks.—Lead produces five w'ell-defincd oxides, 
of which two are “ mixed oxides,” and therefore incapable of 
forming salts, whilst the other three oxides give rise to woll- 
definod salts. The steady change in the properties of the oxide 
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as tlie oxygon content ciiangcs afTords an excclJcnt illustration 
of the general statement that with increasing oxygen contend 
the oxide of an element becomes more aeidic. 


Thug: 

Pb;>0, Lead suboxide 
PbO, Lead monoxide 


Pb 203 , Lead sesquioxido 
Pb;,Oj. Lead tetroxide . 
PbOa, Lead dioxide . , 


Distinctly basic. 

Amphoteric, but the basic proper¬ 
ties predominate. 


Mixed oxides. 

Aniiilioteric, but the acidic pro- 
pertics are more strongly devel¬ 
oped than the basic. 

From lead siiboxido a few salts sucli as Pbl, PbCI Pb SO 
etc., ave been prepared. In these salts the lead is eiiher mLo" 
valent, or similar to mercury in the mercurous salts i c Pb " 

“ formula such 

wb^Meidfiinono of 
Which lead functions as a normal divalent cation e c • 

PbCb Pb ^ + 2C1- 

Pb(SO.)^Pb*H-^SO,-. 

These salts are formed from lead monoxide, acting as a base 
by tho action of tho necessary acid. * 

PbO + 2HC1 PbCl, + H,0 

rs\VcTniWtor 1."'" ’'"o™ 

hySo u'on ’p n 

n^aroxide upon PbO acting as an acidic oxide, 

PbO -f 2NaOH -> NajPbO, + HaO. 

These plumbites, owing to the weakness of the acidic oxido are 

rS:; fsrc 

ness of toe base, PbO. such salts are completerhyri sTon' 
treatment with wat^r T^Vnm "Pua t ^ ^ 

oxide, are derived toe phmbates " 

PbOa + 2NaOH —> NagPbOa + HjO. 
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These arc more stable than the plumbites, but the acidic power 
of the oxide is still so weak tliat appreciable hydrolysis of the 
plumbatcs occurs. 

Occurrence.—A small quantity of lead occurs native, but 
the most important of the ores of Icfid is undoubtedly galena, 
lead sulphide. This ore is gencrallj' associated with silver 
sulphide. Fairly large deposits of cerussite (PbCOj) and rela¬ 
tively small deposits of anglesite (PbS 04 ) occur. 

Method of Extraction.—Lead sulphide is roasted in a 
current of air, either in a blast or in a reverberatory furnace, 
when partial oxidation to lead monoxide and sulphate is effected. 

2PbS +30a—^2PbO + 2 SO 2 
PbS-|- 202 ->PbS 04 

The air is then shut off and the temperature of the furnace raised. 
Interaction between the sulphide, sulphate and oxide occurs, in 
accordance with the equations; 

PbS + PbS04-> 2Pb + 2SOa 
PbS + 2PbO —3Pb -f SO 3 . 

When the ore is impure, reduction is effected by means of 
metallic iron, or a mixture of iron ore and coke. 

PbS + Fc^FeS + Pb. 

The presence of impurities such as antimony, tin, copper, etc., 
causes the lead to be brittle. These arc removed by heating the 
metal in a shallow reverberatory furnace, Most of the admixed 
impurities oxidise more readily than docs lead, and rise to the 
surface as a scum. The silver, however, requires special treat¬ 
ment, and is removed either by the Pattinson’s Process or the 
Parke’s Process {q.v.). Lead is also purified clcctrolytically. 

Properties.—Lead is a soft metal which, when freshly cut, has 
a bright metallic lustre, but on exposure the surface rapidly 
tarnishes, owing to the formation of an oxidation film. Its 
melting point is 326®. Because of its unreactivc nature, it is 
•employed largely in industry for lining reaction chambers, etc., 
■e.g. in the sulphuric acid plants. The crystalline nature of the 
metal is shown in the electrolysis of a solution of a lead salt, or 
when a piece of iron is put in a solution of such a salt as lead 
•acetate, when the well Imown lead tree results. Lead salts have 
a powerful and deleterious physiological action. 
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Pure water is without action upon lead, but in the presence of 
air oxidation ensues, with the formation of slightly soluble lead 
hydroxide. In the presence of carbon dioxide, a basic carbonate 
IS thrown down. Hard water, containing dissolved carbonates 
and sulphates, can be safely transported through leaden pipes 
as these soon become covered with a layer of insoluble sulphate 
and carbonate. Water, free from dissolved sulphates and 
carbonates, should be carried through leaden pipes only after 
filtration through beds of limestone, when the water carries 
into solution suflicient calcium carbonate to form the desired 
protochve layer of lead carbonate inside the pipes. 

Nitric acid attacks lead freely, forming lead nitrate and the 
oxides of nitrogen. Dilute sulphuric and hydrochloric acids 
ha\c but slight action, as tlic surface soon becomes covered with 
an insoluble layer of sulphate or cliloride, and the action ceases. 
With hot concentrated acid, rapid solution occuis, owing to the 
solubility of the chloride (sulphate) in the concentrated acid. 

Sodium hydroxide dissolves lead very slowly on boiling. This 
reaction is jirobably twofold : 

Pb + 2H,0-» Pb(OH), + H, 

Pb(OH )2 + 2NaOH —> Na^PbO. + 2 H 2 O. 

Solution proceeds as rapidly as the lead hydroxide is removed. 

Lead Suboxide and its Salts.-iead suboxidc, Pb,0. is 
formed by decomposing lead oxalate under such conditions that 
action ^ carbon monoxide docs not exert any reducing 

SPbCaO* PbaO -f CO + 3COa. 

This is effected eitlicr by carrj-ing out the decomposition in a 
stream of mtrogen, or better stiff, by removing the gaseous 
products of tlic reaction by means of a suitable pump Lead 
suboxido 13 a ^eyish-black powder, which breaks dorvn into 
meta and lead monoxide on treatment with acid or alkali. 

he load monoxide then reacts to form a lead salt. The ten- 
dency of lead suboxide to decompose thus; 

PboO->Pb + PbO. 

has rendered futile all attempts to obtain salts of this oxide by 
the tlirect action of an acid. Under the action of methyl iodide 
vapour at *.60 the suhoxide reacts to form a bright yellow 
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powder —lead subiodide, Pbl. On treatment with dilute acetic 
acid, decomposition at once occurs with the separation of lead. 

2PbI^Pb+Phl2. 

Other salts such as PbBr, PbCI, Pb;S 04 , have been prepared by 
similar means. It is interesting to note that the solubility of 
these salts is appreciably less than that of the normal divalent 
salts. So, too, it will be remembered that cuprous chloride, 
mercurous chloride, and aurous chloride are all less soluble than 
their corresponding higher chlorides, e.g. cupric, mercuric and 
auric chlorides. 

Lead Monoxide and its Salts .—Lead monoxide {Litharge), 
PbO, is a buff-coloured powder formed when lead or any other 
oxide of lead is strongly heated in the air. In the laboratory it 
is readily obtained by heating the nitrate or carbonate. It is 
known commercially as massicot and jis litharge. CoiiBiderable 
quantities are used technically in the manufacture of varnishes, 
Hint glass, etc. 

Lead monoxide dissolves slightly in water, forming lead 
hydroxide, Pb(OH) 2 , which gives an alkaline reaction. This hy¬ 
droxide, which is more readily obtained by the action of ammo¬ 
nium hydroxide upon a solution of lead nitrate, dissolves freely 
in acids to form the divalent salts of lead. 

Pb(OH)a + 2HCI—PbCla + 2HaO 

and also in the hydroxides of sodium and potassium, but not of 
ammonium. This is duo to the formation of soluble plumbites. 

Pb(OH)a H- 2NaOH NaaPbOa -f- 2 H 3 O. 

Plumbites of the alkaline earths are also kno^\'n. The plumbites 
are all strongly hydrolysed, in accordance with the rule that 
salts formed from a weak base or acid or both w'ill undergo 
hydrolytic decomposition. In the case of ammonium plumbite, 
both acid and base are so weak that the salt is completely 
decomposed by water, i.e. ammonium hydroxide cannot exert 
any solvent action upon lead hydroxide. 

Ltad Chloride, Bromide and Iodide (Plumbous Chloride, etc.) are 
all relatively insoluble in cold water, the solubility decreasing as 
the atomic weight of the halogen increases. The salts are much 
more soluble in hot water. They are formed by the action of 
potassium chloride, etc., upon an aqueous solution of lead nitrate 
or acetate. In the presence of a considerable excess of the 
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precipitant, re-solution of the lead halide occurs. Thus lead iodide 
dissolves in excess of potassium iodide to form the soluble 
potassium lead iodide. 

Pbl2+2Kr->KoPbT,. 

Lend nitrate is formed by dissolving lead or lead monoxide in nitric 
acid. The salt is deposited from this solution in regular octa- 
hcdral crystals. It is one of the most soluble of the lead salts, 
50 gra. dissolving in 100 gm. of water at the ordinary tempera¬ 
ture. On heating lead nitrate, oxygen, nitrogen peroxide and 
lead monoxide arc produced (see p. 290). 

Lead carbonate is formed by adding ammonium bi-carbonate 
to a solution of lead nitrate. Ammonium carbonate precipitates 
a basic carbonate of lead the exact composition of which varies 
with the temperature and concentration of the solution. The 
most important of tlie basic carbonates of lead is white lead, 
2PbC Oa,! b(OH Ij which is in great demand industrially as a pig¬ 
ment. Numerous processes have been patented for the manu¬ 
facture of this pigment, tlio best of which is undoubtedly the old 
Dutch method. Gratings of lead are placed above dilute acetic acid 
contained in pots, tlie whole being buried in manure. The decom¬ 
position of this furnishes the heat and the carbon dioxide necessary 
for tlie reaction. Under the action of the air lead hydroxide is 
formed, and this reacts with the acid to form basic lead acetate. 
This IS slowly decomposed by the carbon dioxide generated by the 
dccomiiosing manure with the formation of basic lead carbonate 
and acetic acid. In this cycle of operations there is theoretically 
no loss of acetic acid, so that a relatively sraaU amount of acetic 
acid can convert a very largo amount of lead into the basic 

carbonate. White lead is especially valuable owing to its great 
covering power. 

Lead sulphate, which occurs naturally as anglesite, forming 
rhombic crystals isomorphous with heavy spar, can be preci¬ 
pitated as a white powder, insoluble in water and dilute sulphuric 
acid, but appreciably soluble in nitric and strong sulphuric 
acids. It is also soluble in potassium hydroxide, ammonium 

acetate or tartrate. The addition of potassium hydroxide upsets 
the equilibrium 

PbSO.^PbSO,^Pb + ++SO,= 

Solid Dissolved 
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by converting some of the Pb*'*’ ions into plumbite ions, PbOa” 
in accordance with the equation 

Pb + + + 40H - PbO, - + 2 H 3 O 

and in order to restore the equilibrium more lead sulphate must 
dissolve. 

Lead sulphide occurs naturally as galena, but it can also be 
precipitated as a black powder by the action of hj’drogen 
sulphide upon a solution containing a lead salt. 

PbClj -f HjS —> PbS -f 2HCI. 

Lead sulpliido is attacked by dilute nitric acid, and converted 
into lead nitrate and sulphur, whilst the concentrated acid 
oxidises it into lead sulphate. 


Lead Dioxide and its Salts .—Lead dioxide is prepared by 
the action of suitably strong oxidising agents upon an alkaline 
solution of lead hydroxide ; as oxidising media sodium hyj)o- 
chlorite, chlorine and bromine find frequent use. 

NajPbOa+CaCIiClO) + H20-)^2Na0H + PbO, + CaCla. 

It is also depositc<l at the anode w’hen a solution of a lead salt is 
electrolytically decomposed. The dioxide is a powerful oxidising 
agent. 

PbOa+SOj-^PbSO^ 

PbOa 4-4HCI^PbCla -I-CI 3 + 2 HaO. 


In the case of hydrogen sulphide the reaction is so vigorous that 
when the gas impinges upon lead dioxide, it bursts into flame 
Owing to the fact that acids do not liberate hydrogen peroxide 
from it, lead dioxide is considered to bo graphically represented 
by the formula 

and not by the chain formula 

As is to be expected from the properties of the lower oxide, 
PbO, the dioxide dissolves freely in the hydroxides of sodium 
and potassium, forming soluble meta-plumbates. The potas¬ 
sium salt KjPbOa.SHjO is isomorphous with potassium stannate, 
KaSnOs.SHjO. The plumbates are all strongly hydrolysed in 
aqueous solution, 




KaPbOa + H,0 ;=± 2KOH + PbO, 

Q Q 
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so tliat solutions of the pUimbatrs are only stable in the presence 
of a consitlerablo excess of the alkali hydroxide. 

Commercial advantage has been taken of the ease with which 
calcium ortho-pliimbate is formed. Thus a mixture of lead 
mono.xide and calcium carbonate absorbs oxygen from air, and 
passes into calcium orlho-pluinbate and carbon dioxitle. 

4CaC03 + 2 PbO + 02 -^ 2 Ca 2 Pb 04 +4COa. 

The process is rcv'crsible, i.e. under the action of carbon dioxide 
the ortho-plumbatc decomposes with the evolution of oxygen. 
This equation summarises the chemistry of the Kastner method 
of manufacturing oxygen from the air. 

Lead Dioxide and Accumulators (Storage Battery).— 
If two lead plates boated with load monoxide arc put into dilute 
sulphuric acid, a deposit of lead sulphate appears on each plate. 

PbO + H. 2 SO,—PbSO, i + H 2 O. 

If an electric current is now passed through the cell, the hj’drogcn 
liberated at the cathode reduces the lead sulphate to spongy 
lead, whilst at the anode oxidation of the sulphate to disulphate 
occurs, and tliis is at once liydrolysed to lead dioxide and 
sulphuric acid. 

2PbSO, + 2IKSO, +02-^2Pb(S04)2 + 2 H 2 O 
Pb(SO,), +2U20^Ph02 +2H2S04. 

The lead dioxide forms a dark coherent layer on the surface of 
the anode. 

The ceU, 

Pb 1 H 2 SO 4 aq. 1 PbOa 

is now charged and current may be obtained from it. During 
the discharge of the cell the processes at the electrodes are 
represented by the equations, 

Pb -f SO 4 - _^PbS04 + 20 
PbOa -I- 4H ^ + SO 4 - —^PbSO* + 2 H 2 O + 2© 

i.e. during the discharge the lead plate is maintained at a nega¬ 
tive potential, the lead dioxide plate at a positive potential, and 
the current flow's in the direction of the arrow within the cell. 

Pb 1 HaSO^ aq. ) PbOa 


When the cell is completely discharged, both plates are again 
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covered with lead sulphate, and on sending an electric current 
through the cell in the opposite direction, the lead/lead dioxide 
plates may be again reformed, i.c. the cell is recharged. The 
whole process is epitomised in the equations: 


Pb + PbOj + 2 H 2 SO 4 = 2PbS0* + 2 H 3 O 


discharge 

Pb 2H3SO, PbO, = PbS 04 

-fxH.SO* 


charge 

2H3O 

4-a:H.S04 


PbSO^ 


discharge 


cliargo 


Such a cell is known as an accumulator, and a scries of such 
cells constitutes a storage battery. It evidently serves as a 
convenient storehouse of electricity. The main problem is to 
secure a high capacity in the cell so that it will be able to give a 
high current for a lengthy period. This is effected by preparing 
the plates of leaden gratings, the openings of which arc filled, 
after charging, with spongy lead and lead dioxide respectively ; 
whilst the maximum surface is secured by bringing the plates 
as close together as is possible. 

Lead Tetrachloride {Plumbic Chloride^ is prepared by passing 
chlorine through lead chloride suspended in hydrochloric acid. 
On the addition of ammonium chloride, ammonium plumbic 
chloride, 2 NH 4 Cl,PbCl 4 , separates out. When this is acted upon 
by strong sulphuric acid, lead tetrachloride is obtained as a 
heavy yellow oil. At—15® it freezes. With a little hydrochloric 
acid, it forms a yellow crj-stallinc substance, probably HaPbCl^. 
On the addition of a little water in the cold, it forms a hydrate 
which slowly evolves chlorine; in the presence of much water 
it hydrolyses, forming lead dioxide and hydrochloric acid. 

PbCl 4 + 2H2O PbOa • I- -IHCI. 


Numerous double or complex salts are fonned, e.g. KjPbCIg, 
which are comparatively stable. 

Other salts in which lead dioxide functions as a base, arc lead 
disulphatc, PbtSO*)^, lead tetracetato, Pb(C 2 H 30 a) 4 , lead 
dihydrogen phosphate, Pb(HaP 04 ) 4 . 

Of these the phosphate is the most stable, tlic other salts 
hydrolysing completely on the addition of water. 
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Lead Sesquioxide and Lead Tetroxide .—Lead sesquioxide, 
Pb^O;!, is obtained as an orange-coloured precipitate when 
sodium ])lumbite in alkaline solution is treated with oxidising 
agents, c.g. hypochlorite or bromine. On heating it evolves 
oxygen, and forms the monoxide. Nitric acid decomposes it 
with the formation of lead nitrate and lead dioxide, whilst 
hydrochloric acid forms lead chloride and chlorine. Hence lead 
sesquioxide behaves as if it were lead mcta-pluinbate, Pb 0 ,Pb 02 . 
On this hypothesis, the action of nitric acid is first to decompose 
this salt into its oxides, and then the monoxide reacts \vith the 
formation of lead nitrate. In the case of hydrochloric acid, the 
load monoxide forms the chloride, whilst the dioxide produces 
load chloride and chlorine. 

Lead Tetroxide (minium, red lead), Pb 304 , is formed by heating 
load monoxide in air to a temperature of 400®-500®. Tl»e reason 
of this is evident from a consideration of the dissociation pressures 
of this oxide. 

2Pb304~>6Pb0 + 0a 

Temperature . . 445^ 500® 555® G3G® 

Pressure in mm. . 5 GO 183 7G3 

The partial pres.sure of oxygen in air is 150 mm., so that at a 
temperature somewhat below 555® the dissociation pressure of 
the tetroxide exceeds the partial pressure of the oxj'gen in the air, 
i.e. the tetroxide will decompose. It can only bo formed in air 
at temperatures below this. 

I.K?ad tetroxide behaves very similarly to the sesquioxide on 
treatment with an acid. Thus dilute nitric acid forms lead 
nitrate and lead dioxide, which is throwTi down as a precipitate. 
A somewhat similar structure is therefore attributed to it as to 
the sesquioxide. and it is considered to be lead orthoplumbato, 
PbaPbOi or 2PbO,PbOa. Oxides reacting with acid as if they 
were compounded of two oxides, e.g. lead sesquioxide and 
tetroxide, are often referred to as mixed oxides or inner salts 
(see p. 616). 

Red lead is used extensively in the manufacture of flint glass 
and in pottery glasses. It is also used largely as a paint. 
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Group 4A 

Titanium, Zirconium, Cerium, Thorium 

These elements all form the same group oxide ^lOj, and the 
basicity of this oxide increases from titanium to thorium. 
Titanium and zirconium dioxides are both amphoteric and the 
corresponding oxides of cerium and thorium are basic. This 
is in strict accordance with the general behaviour exhibited by 
Group 4b and by other groups. 

Titanium is widely distributed in nature as brookitc, anatese, 
and rutile, trimorphic varieties of TiOj, also as ilmenite, FeTiOj. 
The metal is beginning to be used in the preparation of certain 
steels. 

Tlic oxides TiO, TijO^, TiOj all exist, and give rise respectively 
to tho divalent, trivalcnt and quadrivalent salts, whilst the 
dioxide also forms titanates. On oxidising a solution of a 
titanium salt with hydrogen peroxide, a yellow solution is 
produced, which is supposed to arise from the formation of 
titanium trioxidc, TiO^, in solution. Titanium combines 
readily with nitrogen to form a nitride, TijN,. 

Zirconium occurs as a silicate, ZrSiO,. It forms only two 
oxides, ZrjOj and ZrOj, of which the sesquioxide gives rise to 
no salts. From tho dioxide a w’cll defined series of quadrivalent 
salts is formed, as well as several zirconates. 

Cerium is comparatively rare, but is found in ccrito and 
monazito. It forms tho oxides, CojOj and CeOj, both of 
which give rise to salts. Tho trivalcnt salts derived from 
CcaOj are tho more stable. 

Thorium occurs in thorianite, monazite, orthite, etc. It 
forms but one series of salts derived from tho basic oxide, ThOa. 
This oxide, commonly known as thoria, is in considerable demand 
in tho incandescent mantle industry. Mantles, made of knitted 
silk or cotton, are dipped into a solution of thorium nitrate 
containing 1 per cent, of cerium nitrate, and then ignited. 
After tho mantle has been “ burnt,” tho oxides thoria and coria 
aro left, forming tho framework of tho mantle. Tho ceria scorns 
to bo tho active agent in promoting tho intense light emission of 
these mantles. The action seems to bo physical rather than 
chemical. Tho cfiicioncy of tho mantle is soriously affected if 
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the composition of the thoria-ccria mixture departs from that 
specified above. 


Questions. 

1. happens when hydrochloric ncid nets upon (a) lend dioxide, 
(6) lend sosquioxidc. (r) lend tetroxide, nnd whot do these facts enable 
us to infer concerning tho constitution of these oxides ? 

2. tVlmt is tho action of sodiiun hydroxide upon (o) lend hydroxide, 
{b) lead dioxide, (c) ammonium chloride, (d) stannous chloride 1 

3. Compare tho stability of the stannitee and plumbites, the stannatee 
and pliinibiUes. 

4. Tabulate the oxides of lead and indicate any tj'pes of coinpounrls 
to which they gi%‘e rise. 

r». Show how the basicity of tlio oxitles and hydroxides of lead slowly 
changes as the nnioimt of oxygen in tho oxides increases. Give other 
examples whore this has l>oen noted. 

0. Com]>nro tlio stannates niul thio-stnnnatcs. 

7. Comj>aro tho properties of tho oxides of lead, especially in their 
behaviour towards ocid and alkali. Discuss the action of nitric ocid 
upon tlicso oxides. 

8. Comi>are the properties of the oxides of tin ; compore and contrast 
tlio properties of the salts derived from these oxides. 

0. Give a comparative account of tho tetrachlorides of Group 4. 

10. Compare tho properties of tho various dioxides derived from the 
elements of Groxip 4. 



CHAPTER XXXVII 


GROUP 6 A: 

CHROMIUM, MOLYBDENUM. TUNGSTEN. 

URANIUM 

Group 6 of the Periodic Table comprises tlic elements :— 

Of these, the subgroup B—oxygen, sulphur, 
selenium, tellurium—has already been studied. 
The elements of the A subgroup show a general 
similarity not only to each other, but also to 
the elements of tlic B subgroup. They all form 
trioxides, CrOa, M 0 O 3 , WOa, UOg, an<l these 
oxides, like the trioxides SO3, SeOa, TeOa, are 
acidic. From these oxides, acids similarly con¬ 
stituted to sulphuric acid are formed, of the 
general fornmla H 2 MO 4 . Corresponding salts 
of these acids arc generally isomorphous, e.g. 
KaCrO, and KaS 04 . 

Chromium 

Occurrence and Metallurgy.—Chromium occurs in chrome 
iron ore or chromite, FeO.CrjOa, ns crocoisitc, PbCr 04 , and as 
chrome ochre, CraOs. 

Large quantities of chromium are prepared by the Goldschmidt 
method. 

OjOa + 2A1 -y 2Cr + AUO 3 . 

The reduction is carried out in a largo refractory clay crucible. 
An intimate mixture of chrome oxide with slightly less than the 
theoretical quantity of aluminium is placed in the crucible, and 
covered with a layer of barium peroxide and aluminium. This 
is Ered by means of a piece of magnesium ribbon. The reduced 
chromium is found under the slag of fused alumina. 
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Chr<imium is used in the manufacture of certain steels, such 
as high speed tot)l steels, which contain a liigh percentage of 
cliromium. Alloys of iron containing 50-00 per cent, of chro¬ 
mium are produce<l by the reduction of chromite in an electric 
furnace. Chrome steel is exceedingly hard ami tough, hence its 
use for armour plating, safes, crushing mills, stainless cutlery, 
etc. 

Properties.—Chromium is a hard steel-grey metal with a 
melting point above that of j^latinum. It dissolves freely in 
hydrochloric acid, forming chromous chloride and hydrogen. 
In the presence of nitric acid it becomes uiireactive or passive. 
Such passive chromium will no longer react with hydrochloric 
acid unless it is warmed. \\ ith concentrated sulphuric acid it 
forms a deep coloured solution, containing sulphates of chromium, 
and sulphur dioxide is liberated. 


Chemical Cuaracteristics of the Compounds op 

ClIRO.MIUM 


The somewhat complicated chemistry of this element arises 
from the fact tliat three oxides exist, all of which give rise to 
salts. Tabulating these beside the oxides of sulphur, we have : 

S Cr 

— CrO basic 


SO 2 acidic _ 

S 2 O 3 acidic CrjOs amphoteric 

SOa acidic CrOg acidic 

S 2 O 7 acidic _ 


Cliromou.s oxide and hydroxide arc distinctly basic, and give rise 
to a perfectly normal series of divalent salts, the properties of 
which dilfcr but slightly from the properties of other similarly 
constituted salts, o.g. CuCla, FcCla. In one point only do the 
chromous salts stand apart from many other such salts—the 
case with which they are oxidised by the air or other oxidising 

agents. The chromous salts are therefor© strong reducing 
agents. 

From tlic sosquioxide, functioning as a base, there is derived 

a series of trivalent salts, Ci'Cla. Cr 2 (SOj 3 . etc. The sesquioxide 

with its higher oxygen content must comport itself as a distinctly 
weaker base than the chromous oxide. Such salts, derived from 
chromium sesquioxide, will therefore be more extensively 
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hydrolysed than the chromous salts, e.g. CrCls is more strongly 
hydrolysed than CrCl 2 . The sesquioxide of chromium can, 
however, also function as an acid. It will dissolve in strong 
bases to form chromites. 

Cr(OH )3 -f SNaOH-^NajCrOa + 3 H 2 O 

aodium orthochromit^. 

Cr(OH )3 +Na 0 H^NaCr 02 + 2 H 2 O 

sodium motachromito. 

Cliromium trioxido (chromic anhydride) is a strong acid¬ 
forming oxide. It gives rise to the chromates. 

CrOa -f 2NaOH -> NaaCrO, 4 - HjO. 

(Chromium trio.xide and the chromates arc strong oxidising 
agents. When they arc reduced under atmospheric conditions, 
the reduction is from CrOa to CrjOj, i.c. from hexavalent to 
trivalont chromium, 

2 Cr 03 —^CrjOa-fSO. 

Every oxidation process in which chromium trioxide or a 
chromate takes part involves this reduction. 

Chromoua Oxide and Salts 

Chromous Oxide, OO, is obtained as a black powder by 
the oxidation of chromium amalgam in the air. When heated 
in the air, it inflames and passes into the sesquioxide. 

Chromous Hydroxide, Cr(OH)., is obtained as a yellowish 
precipitate when sodium hydroxide is added to a solution of 
chromous chloride {q.v.) in the absence of air. It is rapidly 
oxidised by air to the chromic state. On treatment with acid, 
chromous hydroxide dissolves, producing a chromous salt. In 
this way chromous sulphate has been prepared. 

Chromous Chloride, OCU, is prepared by the action of 
hydrochloric acid upon chromium in the absence of oxygen, or 
by the reduction of chromic chloride (q.v.) in a stream of hydro¬ 
gen. The anhydrous salt is colourless, but the solution is a 
bright sky-blue. A solution of chromous chloride can be 
obtained by reducing a solution of chromic chloride with amal¬ 
gamated zinc. The pure chromous chloride (hydrated) can be 
obtained from the sky-blue solution by the precipitation of 
chromous acetate which is then redissolved in hydrochloric acid 
and a stream of hydrogen chloride led through the cooled solu- 
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lion. A solution of chromous chloride forms a very strong 
reducing agent. Chromous chloride, dissolved in a solution of 
liydrochloric acid, will evolve hydrogen in the presence of a piece 
of platinum foil. 

Chromous Sulphide, CrS, can be precipitated from a solu¬ 
tion of a chromous salt by the action of ammonium sulphide. 
The stability of this sulphide in the presence of water is a striking 
example of the much stronger basic nature of chromous oxide 
as coniparcfl with chromic oxide, for the sulphide, Cr.Sa, cannot 
be prepared in the wet way. 

Chromous Sulphate, CrSO^. prepared by dissolving chro¬ 
mium in dilute sulphuric acid in the absence of air. forms fine 
blue crystals, isomorphous with ferrous sulphate, FeS 04 . 

Chromous Carbonate, CrCOi, is prepared by precipitating 
the chloride with potassium carbonate. Double salts with the 

alkali carbonates have been obtained, these being noted for their 
strong reducing action. 

Chromic Oxide and Salts. 

Chromic Oxide, CrjOa (Sesquioxide) and Hydroxide.— 
The greenish blue hydroxide is throwm down from a solution of 

chromic sulphate or chloride by the addition of an excess of 
ammonium hydroxide. 

The oxide is best prc|)ared by deliydrating the hydroxide or 
by the direct decomposition of ammonium dichromato. 

(NH.laCraO^-^OaOa -f Nj -f4HaO, 

and by the reaction 

KaOaO, 4- S OaOa + K^SO*. 

Ignited chromic oxide is not attacked by acids. It is used in the 
nianufaeture of various paints, c.g. Guignet’s green, formed by 
fusing potassium dichroniate with boric acid and lixiviating with 
water. Tiie hydroxide dissolves in strong bases, forming 
chromites wliich are derived cither from ortho-chromous acid 
HgCrOa, or from the meta- acid, HCrO,. 

Aqueous solutions of the chromites are hydrolysed on boiling, 
with the precipitation of the hydroxide. The fusion of a chromic 
salt or oxide with potassium carbonate in the presence of air, 
or better still, with a little nitre, produces the characteristic 
colour of the chromate 
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Chromic Chloride.—Anhydrous chromic chloride is prepared 
by the action of chlorine upon a heated mixture of chromic 
oxide and carbon. 

(>203 + 3C + SCU 2003 -}- 3CO. 

Peach-coloured scales of the composition CrCIs volatilise from 
the reaction tubes. These crystals dissolve in water with 
extreme slowness, but the solution is rapid in the presence of 
many reducing agents, c.g. chroinous chloride, stannous chloride. 

Hydrated chromic chloride, OCl 3 ,GH 30 , can be prepared in 
two distinct modiheations, a green and a blue. Ordinary solu¬ 
tions of chromic chloride appear to contain varying proportions 
of the two varieties, depending upon the temperature and 
concentration. At low temperatures the equilibrium lies on 
the side of the blue variety, and as the tcmperat\ire rises, the 
proportion of the green form in the solution increases. It is 
interesting to note that the change is not in this case a mere 
change of crystal form (cf. mercuric iodide), but there is a marked 
change in the chemical nature of the two chlorides. Silver 
nitrate precipitates the whole of the chlorine from a solution of 
the blue variety, but this reagent causes the precipitation of only 
one-third of the chlorine present in the giecn modiheation. The 
velocity with which the equilibrium of the two varieties is 
attained in aqueous solution is very slow, but if suflicient time 
is allowed, the same final conditions are reached whether the 
solution is made from the blue or the green variety. It is con¬ 
sidered that the two chlorides are related to each other as m 

the scheme, 

[(>(H20)„p3 ^ [Cra(H20).]a + 2H30 

1 

[CrfHaO),]*-*-* +3a- [CrCUfHaO).]* +C[ 

Blue. Grocn. 


Chromic Sulphate—Chrome Alum .—Chromic sulphate 
can be prepared by acting upon chromium hydroxide with 
sulphuric acid. It forms bluish violet crystals of the composi¬ 
tion Cr2(S04)3,18Ha0. , 

On boiling the blue solution of chromic sulphate a similar 
change occurs as has already been described for chromic chloride. 
The green modiGcation, formed at high temperatures, differs 
fundamonUUy from the normal blue modification as only one 
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third of the SO, present in the compound can be precipitated by 
the action of lianum chloride, whilst the whole of the SO, present 
m the blue solution can be thrown down as barium sulphate. 

o e.xact constitution of the green modilication is not yet 
c oaily understood As the teiniieratiire of the green solutfon 
slowly falls, tlic colour changes back to blue. 

Chromic sulphate forms with the sulpl'iates of the alkaUes 
a series of double sulphates uhich belong to the class known 

M' SO Cr (SO i ouK n efneral formula 

M..SO„Cr,(SO,)„.4H,0, as those described in connection with 

aluminium sulphate, and are also isomorphous with them 
( hromc alum is best prepared by the reduction of potassium 

luinhurif L" i U * •t'l'lition of alcohol and 

sulphuric acid. ^Vo may write provisionally, 

(K O 2Cro'’'l^°' ^^=0-^K,S0,.Cr,(S0.)3,24H,0. 

(K,U.2trO,,) (Cr^Oa.SSO,) 

As in all cases of oxidation by means of dichromate, the two 
olecu cs of chromium trioxide present in the dichromate aro 

ox datten of th rr"’^ ttvailable three oxygen atoms for the 
oxidation of tho substance to be oxidised, in this case sulphur 

dioxide, hence three molecules of sulphur dioxide aro carmblo 

of being oxidised m accordance witli tho equation: ^ 

3 SO 2 -(- 30 —>- 3 SO 3 . 

In order to form one gram molecule of potassium sulphate and 
pe of chiomium sulphate, four molecules of sulphuric acid will 
bo needed, of which three will be proyided by tho oxidation 
of the sulphur dioxide. Tho comi.letcd equation will thereforo 


K,Cr,0, + 3S0, + H,SO. + 23H,0 K,S0„O,(S0,)3,24H,0 

If alcohol is used as the reducing agent, tho actual oxidation 
IS the conversion of alcohol into aldehyde, e.g. : 

C.HjOH + 0 ^ CH, .CHO + H,0, 

i.e. three molecules of alcohol can be oxidised by one gram 
molecule of the dichromate. Moreover, four moleeules of 
su phurie acid will be needed for the formation of the two 
sulphates. The final equation will then be : 

KaCraO, -f 3CaH60H + + l7HoO-> 

KaS04,Cr2(S0j3,24H30 + 3 CH 3 CHO, 
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Chrome alum crystallises in large dark, purple-red crystals 
belonging to the regular system (octahedra). It finds com¬ 
mercial use in dyeing, calico-printing and tanning. 

Chromic Nitrate.—Chromic nitrate, Cr(N 03 ) 3 , 9 n 20 , is 
obUined by the action of nitric acid upon chromic hydroxide. 
The bluish solution also turns green on boiling and returns to its 
old colour on cooling. 

The Chromates and Dichromates 

Chromic trioxide gives rise to two kinds of salts, the chro¬ 
mates and the dichromates. 

CrOj -f 2KOH ^KaCrO, + H.O 
2Cr03 + 2KOH KjCr.O, + H 3 O 

The chromates and dichromates are therefore of the same degree 
of oxidation / they di(jer merely ui the ratio of acid to base. The 
dicliromate contains an extra molecule of chromium trioxidc, 
and as this is the active oxidising agent, it is therefore always 
more economical to use the dichromato as the oxidising agent 
instead of the chromate, thougli the mechanism of the reaction 
is quite the same. 

If one considers for a moment the analogous compounds 

CrOa K.CrO^ -5- K,Cr,0-(K20.2Cr03) 

SOa^KaSO*—>K2S20;(K20.2S03) 

poUiftsium pyrosulphato. 

the group relationship between the elements, sulphur and 
chromium, is thrown strongly to the fore. The only important 
difference between the dichromates and the pyrosulphates is 
that the latter compounds regenerate the acid sulphates on 
solution in water. 

On heating, 2 KHSO 4 — HaO—>-K 2 Sa 07 , 
but on solution, K 2 S 2 O 7 - 4 -H 30 ^- 2 KHSO(. 

Preparation of the Chromate and Dichromate. Potas- 
aium chrojnate is prepared by roasting finely powdered chrome 
iron ore with the purest possible lime and potassium carbonate. 

4Fe0,Cr30a + SKaCOj + 70a -> SKaCrO, + 2 FC 3 O 3 SCO* 

(KaO.CrOa) 

The lime is added to keep the mass thoroughly porous, so that 
the oxygon of the air can penetrate through the moss, and bring 
about the necessary oxidation. The reaction is essentiaUy an 
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oxidation of the sosquioxide, contained in the chrome iron ore, 
to the lusher oxide, CrOj. The resulting mixture of potassium 
and calcium chromate is then treated witli a solution of liot 
potassium carbimate, when the reaction 

CaCrO, + K 2 CO 3 K.CrO, + CaCOa i 

takes place. The filtered liquor is then concentrated and 
allowed to crystallise. 

Sodium chromate is prepared by a similar method 
When potassium chromate is dissolved in water, appreciable 
hydrolysis occurs, for chromic acid is a weaker acid than its 
analogue, sulphuric acid. 

K.CrO* -f 2IRO ^ 2KOH + H.CrO*. 

The addition of an acid (c.g. sulphuric acid) must exert an 
influence upon the equilibrium, as the concentration of the 
liydroxide would be lowered. The result of such an operation 
would be to cause a considerable increase in the concentration of 
the free chromic acid. So soon as appreciable quantities of 
chromic acid are formed, the reaction 

K^CrO. + H.CrO* ^ K^OA + H,0 

sets in, i.e. potassium dichromate is formed. This is shown 
by the sudden change in the colour of the solution from yellow 
to orange red. Tliis is the method adopted in industry to convert 
the yellow chromate into the orange red dichromate. 

piorts have been made to reduce the cost of manufacturing 
potassium dichromatc by first preparing sodium dichroraate from 
tho relatively cheap sodium carbonate. A very strong solution 
of sodium dichromatc is then allowed to react with potassium 


NajCr.O, + 2 KCl->K 2 Cr 20 , + 2NaCI. 

The potassium dichromate, the solubility of which is influenced 
greatly by the temperature, is easily separated from the sodium 

chloride by crystallisation. (100 gm. of water dissolve 5 gm. of 

potassium dichromatc at 0 ^ 129 gm. at 100 " ; at 9 " 62 mn of 

tho sodium salt dis.solve in 100 gm. of water). ” 

During recent years sodium dichromate has come increasingly 
to the fore for commercial purposes, and owing to its greater 
cheapness has largely displaced the potassium salt. 
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If one examines the equations: 

K 2 OO, -i- 2HjO 2KOH + H.CrO, 

K^CrO* HjCrO* ^ K^Cr^O; + H,0, 

It is evident that the upper equilibrium will be driven to the left, 
by the addition of potassium hydroxide, and the decrease in the 
concentration of the free chromic acid will upset the equilibrium 
in the second equation, i.c. the potassium dichromate will break 
down. This is shown by the colour change produced on adding 
potassium hydroxide to an orange red solution of the dicliromate. 

Pohjekromates higher than the dichromates have been prepared 
by the action of chromic acid uj)on the dichromate, e.g. potas¬ 
sium tri-chromate, KaOaOjo (KaO.SCrOo); potassium tetrachro- 
matc, KaOjOia (K 20 , 4 Cr 03 ). 

Oxidising Reactions of the Dichromates and Chromates. 
—In all cases where these salts arc used as oxidising agents, a 
change of valence of chromium towards oxygen occurs. 

2Cr'i0,-^Cr^"i0a + 30. 

With the knowledge that chromic salts arc always produced by 
the reduction, it becomes comparatively easy to write dow’n the 
equation for any such oxidation-reduction process. In the 
oxidation of hydriodic acid by potassium dichiomate we may 
write provisionally : 

K2CT2O7 + HI -f HaSO,-?- K3SO4 + CrafSO,)^ -f I3 -f H3O. 

Hydrogen iodide is oxidised to iodine and water in accordance 
with the equation : 

2 HI+ 0 -^Ha 0 + I,. 

Therefore, one gram molecule of dichromate with its three 
available oxygen atoms will oxidise six molecules of hydrogen 
iodide, and four molecules of sulphuric acid will bo necessary to 
form the sulphates of potassium and chromium. The completed 
equation then becomes: 

KjCraO, +0HI +4H2S0*->KaS04 + 0 ,( 804)3 -f3Ia + 7 H 3 O 
The action of hydrogen sulphide on an aqueous solution of 
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potassium dichroniate containing sulphuric acid can be handled 
similarly'. J’roiu a knowledge of the reaction 

IRS-fO^H.O+S, 

we can at once set down the completed equation : 

KA 2 O, + 3H,S d- 411^804—>K,S04 d- Cr,(S04)3 + 7H,Od-3S. 

If siiljthuric acid is not added before passing in the hydro¬ 
gen sulphide the equation would be : 

KjCr^O, d- 3H,S d- H,0 ->2K:0H d- 2Cr(OH)3 -f 3S 

Another common reaction of this type is the oxidation of 

ferrous sulphate to ferric sulphate. In this case we may write 
provisionally 


d“H 2 S 0 4 d' EeS 04 — 
(K 20 . 2 Cr 03 ) (EeO.yOj) 


K,S04+Cr2(S04)3+Fe2(S04)3+H,0 

(Cr^Oa.SSOa) (FcoOo.SSOa) 


To convert two molecules of ferrous oxide into ferric oxide one 
atom of oxygen is rctiuired. 


2FeO d’O-^Fe.Oa. 

One gram molecule of potassium dichromate will therefore 

oxidise six molecules of ferrous oxide, i.e. ferrous sulphate. In 

order to produce ferric sulpliatc, sulphuric acid must bo pro- 
vided. Hence: 


6 FCSO 4 d- 30 + 3 H 2 SO 4 ^3Fe,(S04)3 + SH^O. 

As bt'fore. four molecules of sulphuric ncid must also be added 
for the formation of potassium sulphate and chromium 
sulphate. The completed equation will consequently read ; 

KaCraO, -f GFeS 04 + VH.SO*-^ 

K 2 SO 4 d- Cr3(S04)3 d- 3Fe2(S04)3 + THgO. 

All the above reactions are equally weU carried out by potas¬ 
sium chromate except that, for every molecule of the dichromate, 
two molecules of the chromate must be used in order to provide 
the same amount of available oxygen, and an extra molecule of 
sulphuric acid will be necessary to form the extra molecule 
of potassium sulphate. 


2K,CrO. + GFeSO. + 8H,S0. ^ 

2K,Ci 04 + 3HaS+ 5H.S0,—» 2 K,S 0 . + (>,( 804)3 + 38 + 8 H 0 , 
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Other Reactions of the Dichromates.—Under the action 
of heat the dichromate breaks down in accordance with the 
equation 

4K,Cr=0: 4 KAO 4 H- 2020, + 30,. 

(K,Cr 04 .Cr 03 ) 

The excess group of CrOj suffers decomposition (cf. the action 
of heat upon cliromic anhydride, CrOa). 

Owing to the hydrolysis to which the dichromates are subject 

KaCrA +H 0 H-?-KaCr 04 +H,CrO.. 
or written ionically, 

CrA" +OH-^2CrO*- 

there is always present in solution an appreciable concentration 
of the chromate ion, 004 “. This accounts for the fact that the 
addition of potassium dichromate to a solution which contains 
an ion of a heavy metal always leads to the precipitation of tho 
insoluble chromate. 

2Pb(N03)3 + KAA + H20->2PbCr04 i + 2HNO3 + 2KNO3 

Of tho heavy metal chromates, that of lead, PbCr 04 , and of 
silver, AgaCrO,. are often met with in analysis. Tlie bright 
yellow precipit-ate of lead chromate forms a useful test for the 
presence either of lead ions or of chromate ions. In titrating 
sodium chloride with silver nitrate a drop of potassium chromate 
is added to tho solution of tho sodium chloride, and the appear¬ 
ance of the red silver chromate shows that the precipitation of 
tho silver chloride is complete (cf. p. 451). 

Chromic Anhydride—Chromium Trioxide.—Tliis sub¬ 
stance is prepared by the addition of concentrated sulphuric 
acid to a strong solution of a soluble dichromate. 

NaaCrA + H2S04-J^Na3S04 + 2003 + 11 , 0 . 

Red needles of tho anhydride separate out from tho solution. 
It dissolves in water, forming ehromic and dichromic acids. 

H30+003->H3004 

HjO + 2OO3 HaOaO, 

As an oxidising agent, it has exactly tho same properties as tho 
dichromates and chromates. 

2 OO 3 + 3 H 3 S + aHaSO*-^- 03 ( 804)3 + 3S + 6H3O. 

BB 
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On b(‘inp heated, chromic anhydride breaks down into chromic 
oxide and oxvucn. 

4Cr03->2Cr203 4-30a. 


Chromyl Chloride.—When potassium dichromate, a chloride 
and sulphuric acitl are heated together, a reddish brown liquid 
distils over. This is chromyl chloride. 

KaCr.O; + 3HSO, + 4NaCl ^ 

KaSO, + 2Na,S04 + 2 CTO 2 CU + SH.O 

The reaction is essentially one between the chromic anhydride 
present in the dichromate, and the hydrogen chloride liberated 
by the action of sulpluiric acid upon the sodium chloride. 


CrOa + 2HC1 CrO.Cla + H^O 


Chromyl chloride boils at 118®. 
thus : 


It is hydrolysed by water 


CrOoCl. -f 2H,0 —>H2Cr04 + 2HC1. 


No corresponding bromide or ioditlo is known, so that the 
above reaction forms a satisfactory test for detecting a chloride 
in tlie presence of a bromide or an iodide. The distillate is 
rendered alkaline with ammonium hydroxide, acidified with 
acetic acid, and if the addition of lead acetate leads to the for¬ 
mation of a yellow precipitate, the presence of a chloride in the 
(uiginal mixture may be inferred. (The object of adding a 
slight excess of ammonium hydroxide is to remove any bromine 
wliich may have been liberated by the action of the sulphuric 
acid upon any bromide present.) 

Just as the hydrolysis of the analogue, sulphuryl chloride, 
loads to the formation of sulphuric acid so we find that 

chromyl chloride undergoes a similar hydrolysis. 

0, Cl HOH O OH 

yCT<^ + ^ H-2HC1 

0^ ^C1 HOH O^ ^OH 


Although the intermediate chlorochromic acid, 



has not been prepared, some of its salts are known. Potassium 
chlorochromato is foimed when the dichromate is treated with 
hydrochloric acid and the solution is allowed to crystallise. 
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K2Cr20, + 2Ha 




+ H2O. 


Perchromic Acid. —If hydrogen peroxide is added to an 
acidified solution of a chromate, a deep blue colour appears. 
The compound causing this blue colour can bo extracted in 
ether, in which the substance is not only more soluble but also 
more stable. This forms a delicate test for hydrogen peroxide 
as well as for chromates. The colour disappears on boiling, and 
the greeny blue colour of the trivalent salt of chromium comes 
out. A number of perchromates have been prepared, but their 
composition is too vague to allow of their chemistry being clearly 
understood. Some consider that hydrogen peroxide adds itself 
on in a way similar to water of crystallisation ; possibly an acid, 
H2Cr30,, corresponding to HjSaOj, is formed. 


Molybdenum, Tungsten, Uranium. 

These elements all form the group oxide AIO, and the corre¬ 
sponding acid H3MO4. 

Molybdenum. —This clement occurs fairly extensively as 
molybdenite, MoSj, and as ^^mlfenitc, lead molylxlate. The 
metal has come into considerable importance during recent years 
for the manufacture of alloy steels. These molybdenum-steel 
alloys, besides l>eing very hard, have the remarkable property 
of retaining their temper, even when heated to a high tempera¬ 
ture. Large quantities of molybdenum steel are used for high 
speed tools, rifle barrels, etc. The metal is obtained either by 
the Goldschmidt method or by reduction in an electric furnace. 

Molybdenum forms numerous oxides, M02O3, MoOa, M0O3 
and possibly MoO. The most important oxide is the trioxide. 
This is obtained by roasting molybdenite in the air. Molylxlenc, 
anhydride (M0O3) dissolves in the hydroxides of the alkalieis 
forming molybdates, e.g. (NH4)jMo04, which is used largely in 
analytical work for the precipitation of phosphorus os ammonium 
phospho-molybdate. 

Numerous chlorides have been prepared, MoClj, M0CI3, 
M0CI4, M0CI4 and MoCl,. 

Tungsten. —This element occurs as schcclite, CaW04, and 
wolfram, F0WO4. In order to obtain the metal the tungstate is 
first roasted with sodium carbonate. The sodium tungstate is 
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then extracted and free tungstic acid obtained by the addition 

of an acid. This acid is dehydrated and the tungstic oxide 
reduced in the electric furnace. 

Large quantities of tungsien are used in the manufacture of 
special tool steels (ef. molybdenum). Tungsten forms two 
oxides, WOj and WO 3 , and the chlorides WCI 2 , \VCI4, WCl, and 
WClc- Sodium tungstate is U3c<i commercially as a mordant, 
and also for rendering fabrics less inflammable. 

Uranium. Uranium is found in pitchblende, carnotite, 
saraarslvitc and in other rare minerals. 

Numerous oxides have been isolated. Uranous oxide, UO„ 
a reddish brown basic oxide, which on ignition passes into UaOa'i 
gives rise to the uranous salts in which uranium is tetravalcnt. 
The group UO 2 is often known as uranyl. Uranic oxide, UO3, 
or uranyl oxide, UOj.O, a yellow oxide, being of an amphoteric 
nature, gives rise to the uranic compounds as well as to the 
uranates. K 2 U 3 O 7 or K 2 O. 2 UO 3 shows a considerable Ukeness 
in structure to the dichromates. 

Uranic oxide also reacts with acids to form the basic uranyl 
saUs UO2.SO4, U02(N03)2,6H20, etc. Uranium peroxide, 
UO4, formed by the action of hydrogen peroxide upon a solution 
of uranyl nitrate, gives rise to the peruranates, e.g. NaaUO. 
Other oxides are U 303 (U 02 . 2 U 03 ), U 204 {U 0 ..U 03 ) and U 2 O 3 ’ 
The chlorides UCI3, UCI4. UCI 5 and UO 2 CI 2 are known. 

The radioactive phenomena of the salts of uranium will be 
discussed in Chapter XU. 


Questions 


1. Give a concise account of tho behaviour of potassium dichromato 
08 an oxidising agent, wMiaw 

11 ?' oxides of chromium, and comparo their properties. 

W Imt chisd of con)])ouncl3 docs each oxido givo rise to 7 

3. Construct six equations in which potassium dicliromato functions 
os on oxidising agent. 

4. Give an account of tho chemistry of tho dichromates and chromotes. 

5. How may the cuprous salts be derived from the cupric salts ’ Briefly 
compare tho properties of tho cuprous solts with tlie properties of tho 
corrosponding silver salts. 


0. Wlint aro tho conditions under which liydrogen peroxide is formed T 
What evidonco is afforded by its reactions as to its constitution ? 

An aqueous solution of hydrogen peroxide, when warmed with colloidal 
platinum, gave off 2-5 c.c. of oxygon, and left 37 c.c. of water, both beine 
moasuriHi at 4^ C. [p = 7C0 mm.] What was the comiiosition of the 
solution ? 

7. Describe tlie occurrence and metallurgy of timgsten. What com¬ 
mercial application has this element 7 


CHAPTER XXXVIII 


GROUP 7A 
MANGANESE 


I 

I 

a 


Mn 


I3r 


The elements of the seventh group are : 

The short period elements, fluorine and chlorine, 
liave been classed with bromine and iodine, forming 
tlio halogen group. Manganese is the chief repre¬ 
sentative of Group 7a. Although in its lower 
stages of oxidation it shows a great resemblance to 
the salts of the metals oi corresponding valence, 
there is a fairly well marked similarity between 
manganese and the halogens, when the group oxide 
— M 3 O, and its compound.^ are taken into consider¬ 

ation. From manganese heptoxido is formctl permanganic acid, 
HMnO|(cf. CI 2 O 7 and HC10«). The permanganates and per¬ 
chlorates, for example, are isomorphous, an unfailing indication 
of strong chemical analogy. They are also strong oxidising 
agents. 


Ma 


Occurrence.—The ores of manganese are widely distributed, 
especially as the oxide. Amongst the more important ores are 
pyrolusitc, MnOj; braunite, MiiaOs; hausmannitc, MiijO*; 
roanganitc, MnjOs.HjO ; manganese spar, MnCOa ; the sulphide, 
sulphate, silicate, tungstate and phosphate also occur. 

Metallurgy and Properties.—Manganese can bo prepared 
by the reduction of an oxide with carbon at a white heat. This 
is the basis of Moissan’s method of reduction in an electric fur¬ 
nace. Although this method is still used commercially, it bos 
been largely displaced by the Goldschmidt process. 

3MnOj + 4A1 3Mn + 2 A 1303 . 

Manganese is a grayish metal with a reddish tinge. As a rule, 
the metal is hard and brittle, but its properties are largely 
» 613 
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impurities. It molts at 1,2G0® and boils at 1,900®. 
Manganese is rapidly o.xidised in air. It decomposer water with 
the evolution of hydrogen, even in the cold. Manganese dis¬ 
solves freely in acids forming manganous salts. 

Mn -t- 2HC1—^MnCU -j- 

\\ lien heated, it is attacked by boron, silicon, pliosphorus, 
forming a boride, etc. Manganese steels liave considerable 
iiidustrial importance, as have alloys of manganese with copper, 
bismuth, zinc, aluminium, etc. 


The Chemistry of the Comfounds of Manganese 

Few elements exist which rival manganese in the number of 
oxides which it forms and in the variety of salts to which these 
oxides give rise. The general rule that, with an increasing 
oxygen content of the oxide, an increase in the acid nature of 
the oxide and a decrease in the basic nature is to be expected, 
finds excellent confirmation in the study of the oxides of man¬ 
ganese. 

I he oxides and their compounds are : 

Oxides ; 


Name. 

Manganous oxide 


Fcirnuilft. 

MnO 


Property. 

Basic 


Manganese totroxido MiiaO, Mi.xed oxide 
Manganese sosqiiioxide MujOg Feebly basic 


Salt.*. 

Mnnganou.s salts 
MnClj, MnSO, 


Manganic salts 
MnjtSO*), 


Manganese dioxide 


Manganese trioxido 


Manganese hoptoxido 


MnO, 
MnO 3 
MnjOy 


MnS, 

Amphoteric <1^ Mongonitos CaMnOg 

Acidic Manganic acid and 

manganates, 

H,MnO«,K,Mn 04 

Strongly Permanganic acid and 

a*^*dio permanganates, 

lIMn 0 ..KMn 04 


Manganous Oxide and the Manganous Salts.— 

oatde, MnO, is a greyish green powder, obtained by heating the 
higher oxides in a stream of hydrogen. It can be prepared by 
the decomposition of manganous hydroxide and carbonate, also by 
fusing anhydrous manganese chloride and sodium carbonate 
with a little ammonium chloride. The mass is then lixiviated. 
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Manganous hydroxide is thrown down by the addition of a 
soluble hydroxide to a solution of a manganous salt. It is 
rapidly oxidised in the air to the higher oxides (MnaOi, MnjOs) 
so that the pure hydroxide can be prepared only in an atmosphere 
free of oxygen. The manganous salts may be prepared either 
from the oxide and hydroxide by solution in the required acid, 
or, as in the case of the strong mineral acids, one can proceed 
direct from the metal. 

The manganous salts are pink in colour; in the solid form 
they show no tendency to oxidise (cf. the chromous and ferrous 
salts). They are also stable in solution provided there is not an 
excess of alkali. Manganous chloride, MnCla, and sulphate, 
MnSO*. form double salts with the alkali and ammonium chlorides 
and sulphates respectively. Upon this fact depends the 
separation of iron from manganese by the addition of ammo¬ 
nium chloride to solutions containing salts of iron and 
manganese. 

Solutions of manganous chloride combine with ammonia to 
form stable complex salts of a type similar to those given by 
copper, zinc, silver, cobalt and nickel, eg. (Mn.xNHalCl:. A 
solution of this salt, alkaline as it is, is rapidly oxidised by oxygen, 
forming a precipitate of manganic hydroxide, Mn(0H)3. 

Owing to manganous hydroxide being a relatively strong base 
the manganous salts formed from the strong acids undergo 
little hydrolysis (cf. manganic salts). In general, there is 
considerable kinship between the manganous salts and other 
similarly constituted salts (cf. MnCla, CuCla, MnSO*, ZnS04, 
etc.) Manganese, therefore, affords another example of the rule 
that, when a metal gives rise to more than one series of salts of 
different degree of oxidation, a considerable similarity will bo 
found between these salts and other similarly constituted salts 
of the same degree of oxidation. 

Manganous chloride is produced by the action of hydrochloric 
acid upon manganous carbonate. It is, however, also obtained 
from the waste liquors of the Weldon process of manufactur¬ 
ing chlorine from manganese dioxide. After removal of impur¬ 
ities such as iron, the solution is brought to crj'stallisation. 
Several hydrates are known, e.g. MnCIj.OHaO; MnCl3,4H30; 
MnC!3,2H30. The anhydrous chloride, prepared by the direct 
action of chlorine upon manganese, forms a pale rose-coloured 
mass. On heating, this melts to an oily liquid, which begins to 
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lose liyfli ochloric acid in the presence of moisture, forming oxides 

of manganese. 

Mamjnmnis sulphate is prepared from manganese dioxide and 
sul]>liuric acid. The paste is heated strongly to break down the 
manganic sulphate and to convert any iron present into the 
oxide. The mass is then lixiviated. Quite a number of crystal¬ 
line liydrates liave been jirepared from this salt, but the 
general principles governing their formation arc precisely the 
same as described for the hydrates of copper sulphate, etc. 

Manganese tetroxide—Mn^O..—This oxide is formed as a 
red powder when the other oxides are heated in air. The oxide is 
very stable towards heat. Its behaviour on treatment with an 
acid shows that it is a mixed oxide or inner salt (cf. PbaOa, 

PbaO J. On being treated with dilute sulphuric and nitric acids! 
the following reactions take place : 

Mn, 0 * +4HNO3—> 2Mn(N03)2 + Mn0,,2H20 

Mn30, +2H,S0.->2MnS04 + MnO,.2H20. 

With hydrochloric acid, chlorine is evolved. 

MnaO* + 8 HCI 3 MiiCl ^ + 4H3O + Cl j. 

Tlicsc reactions, considered alone, would indicate that man¬ 
ganese tetroxide is a mixed or compound oxide, 2Mn0.Mn03. 
But, on the other hand, it has been shown that acetic acid leaves 
behind a precipitate of manganic oxide, Mn^Oa. 

Mn304 -f 2CH3.COOH—j^MnlCaHaOaja H-MnaOa -f-HjO, 

whilst cold concentrated sulphuric acid forms a mixture of 

manganous and manganic sulphates. These reactions point to 
the constitution MnO.MiuOa. 

Probably two forms of the oxide exist as in the scheme: 

MnO.MnaOs 

1 

^ 2 MnO,MnOa 

Manganic Oxide and the Manganic Salts.—jlfanganic 
oxide, Mn203. can be prepared by heating any of the other 
oxides in a stream of oxygen. It is a brownish black oxide. 

The behaviour of manganic oxide is somewhat similar to that 
of tlie tetroxide. If it is treated with dilute sulphuric acid, a pre- 
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cipitate of manganese dioxide is thrown down, whilst manganous 
sulphate is found in the solution. Dilute nitric acid behaves in 
the same way, These facts are strong evidence in favour of the 
constitution MnO.MnOj. 

On the other hand, the existence of well defined salts of 
trivalent manganese such as MnF^; MnCl3,2KCl; Mn2(S04)3, 
MnP0*,2H30; Mn(C2H30:)3; and the manganic alums 

M‘ 2 S 0 „Mn 2 (S 04 ) 3 , 24 H 30 ; bear convincing testimony to the 
basic nature of the oxide MnjOs. The conflicting behaviour of 
manganic oxide is, perhaps, best explained by the assumption 
that an equilibrium Mn203^z=^Mn0,Mn03 exists. 

Of the manganic salts the acetate is especially easy to obtain. 
The anhydride of acetic acid is allowed to act upon manganous 
nitrate ; the nitric acid set free oxidises much of the manganese 
to the trivalent form. Brown crystals of manganic acetate 

separate out. 

Manganic fluoride has been obtained by the action of 
fluorine upon manganous iodide. It forms characteristic double 
salts, NajMnFj. 

Manganic chloride has not been isolated in the pure state, 
though there is little doubt that it is formed by the action of 
hydrochloric acid upon manganic oxide. It forms several 
double salts which have been prepared in the pure state, e.g. 
KjMnCl,. Manganic sulphate has been obtained as a green 
powder by the action of concentrated sulphuric acid upon freshly 
precipitated manganese dioxide at 110 ^- 140 '^. Solutions of 
manganic sulphate are rapidly hydrolysed even in the col . 

Mn2(S04)3 + 6 HOH-^ 2 Mn(OH )3 d-SHaSO,. 

It is extremely unstable. Manganic sulphate forms a series of 
alums, isomorphous with other alums. These are more stable 
than the sulphate. It U an interesting example of the greater 
stability conferred upon a salt by tho presence of another salt 
of stronger electro-aflinity. Similar behaviour is shoun y 
manganic chloride and fluoride. ThuSj manganic fluori o is 
hydrolysed by water in accordance with tho equation 

MnFj + 3 H 0 H ^ Mn(OH )3 + 3 HF, 

but the double salt, formed by the addition of potassium fluoride, 
is scarcely hydrolysed. In agreement with these speculations 
it has been found that tho alums formed from tho strongly 
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clectro-negative elements, caesium and rubidium, are the most 
stable. 


Manganese Dioxide.—Manganese dioxide, MnOj, is a black 
substance, obtainable by heating manganous nitrate. In tlie 
lijdratcd form it may be prepared by the reduction of potassium 
permanganate by means of manganous sulphate (Volhard 
method of estimating manganese). 

2KMn0,-f3M.uS0,-l-7H20—>2KHS0*+H„S0,-f5Mn0,.H,0 

Hydrated manganese dioxide is also thrown down from solutions 
of manganous salt-s when such oxidising agents as sodium 
hypochlorite are used. Naturally occurring manganese dioxide, 
fiyrolusito, is used in the bottle industry, small quantities being 
added to the glass to oxidise the greenish ferrous silicate to the 
comj)aratively colourless ferric compound. 

Manganese dioxide functions as a very weak base, hence salts 
formed from it will suffer extonsivo hydrolysis. Of the few salts 

'"■''“I''’ sulphate. Mn(SO,) 3 , acetate, 

Mn(C2Ha02)4 and sulphide, MnS,, are worthy of note. The 
chloride. MnCI,. and fluoride. MnF,. have not been isolated in 
the pure state, but well defined double salts of tliesc compounds 
arcluiown, e.g. K^MnCh., KjMnFg, etc. When manganese diox¬ 
ide IS treated with hydrocldoric acid, manganous chloride and 
chlorine are formed, while sulphuric acid leads to the formation 
of manganous sulphate and the liberation of oxygen. These 
leactions, coupled with tlic failure to secure evidence of the 
formation of hydrogen peroxide, have led to the view that 

manganese dioxide is not a true peroxide; its formula is 
therefore not 


(cf. p. 109). 


Mn< 1 


but Mn 



O 


O 


Manganites. Besides the salts derived from manganese 

dioxide functioning as a base, a number of salts are known in 

winch the acidic group appears to be derived from this oxide. 

Manganese dioxide is the anliydride of manganous acid and gives 

rise to the manganites. As a definite acid, manganous acid 

itself IS not known, but numerous salts from it have been 
prepared. 


l^LVNGANESE 


619 


Fusion cf ui«'ingancse dioxide in potassium hydroxide does not 
lead to the simple manganite of the type, M 2 Mn 03 (Ma 0 ,Mn 0 j), 
but 'pohjmanganUes arc produced. Examples of such polyman- 
ganites arc K:0.2MnO;; Kj 0 , 5 Mn 02 ,.rH, 0 , etc., .Manganites 
of the alkaline earth elements of a more simple type have been 
prepared by fusion methods. Lime and anhydrous manganous 
chloride lead to the formation of brownish red crystals of calcium 
ortho-maiiganitc, Ca,Mn 04 ( 2 Ca 0 ,Mn 0 .). By somewhat similar 
means black, iridescent cr 3 stals of the meta-manganite, CaO-MnOj 
have been formed. Manganites of calcium are also forme<l 
during the Weldon mud process for utilising the waste pro¬ 
duct, manganous chloride, obtained during the manufacture of 
chlorine {q.v.). The liquor is treated with slaked lime and air 
is blown through the mass. Oxidation of the manganous 
hydroxide occurs, leading to the formation of calcium manganites 
OiMnOjfCaO.MnOi) and CaMn,OjCaO,2MnOa). When the.se 
are treated with hydrochloric acid, they behave like a mixture 
of manganese dioxide and calcium oxide. 

CaO.MnOj + 6HC1—>-CaClj + MnCli + CI 3 d 311*0. 

Manganates and Manganese Trioxide.—If manganese 
dioxide is fused with potassium hydroxide or carbonate cither in 
the presence of air or of an oxidising agent such as potassium 
nitrate, a dark green mass is obtained. 

2MnOj +4K0H + 0 .,^ 2 K,Mn 04 1- 211,0. 

If the mass is extracted with water, and the liquid evaporated at 
a low temperature in vacuo, dark green crystals of potassium 
manganate. K.MnO*. separate out. These crystals are iso- 
morphous both with potassium sulphate and chromate. The 
crystals dissolve without decomposition in an aqueous solution 
of an alkali hydroxide, but decompose in neutral or acid solu¬ 
tions. The reason of this is to be sought in the extreme weakness 
of manganic acid, hence the hydrolysis in the sense of the 

equation : 

K,Mn 04 + 2H0H^H2Mn04 +2K0H. 

The presence of potassium hydroxide throws back this hydro¬ 
lysis. hcnco the greater stabUity of the manganates m alkahno 
solutions. Manganic acid itself is somewhat unstable, and, if 
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prosciit to any extent, undergoes auto-oxidation. In neutral 
solution.^, we liave : 

-> 2HMnO, -jMnO, + 2H.0 
(ILO.Mn(K) (H,0,Mn,0:) 

'I’hc hexavalrnt manganese present in the manganic acid is 
reduced to the tetravaient state in a decrease of two units 

wlulst in permanganic acid the valence has risen to seven an 
increase of one unit. Consequently, two molecules of perman¬ 
ganic acid must be formed at the expense of one molecule of 
manganese dioxide. Owing to the fact that tetravaient man¬ 
ganese always undergoes reduction to the divalent state in acid 

solution, the auto-oxidation in acid solution proceeds somewhat 
tliffcrcntly : 

5H,MnO. d- H,S04->4HMn0* + MnSO, +4H,0. 

Potassium and sodium manganates are strong, though unstable 
oxidising agents. They can, however, only be effectively used 
for this purpose in alkaline solution as the acid solutions arc 
too unstable. Undcrsuch conditions the manganate is reduced 
to the liydratcd manganese dioxide. 

Manganese Tnoxidc.—'ms unstable oxide is prepared by 
allowing the green solution of potassium permanganate in sul¬ 
phuric acid to drop upon anlivdrous sodium carbonate The 
whole must be kept thoroughly cool. Red vapours are evolved, 
whieli are condensed in a suitalilc U tube, surrounded by a 
freezing mixture. This red solid is very deliquescent. At 
ordinary temperatures it decomposes slowly. 

Permanganates—Manganese Heptoxide.—The hydrolysis 

of potassium or sodium manganate leads to the formation of 
potassium penimnganate, 

SKjMnO* -f 6HOH SHjMnO, + GKOH 


2HMn04 -h MnO^ + 2H.0 

the permanganic acid ultimately being converted into the 
potassium salt by the potassium hydioxide. 

As a commercial method of preparing potassium permanganate 
this method leaves soraetliing to be desired, as only two-thirds 
of the manganate is raised to the higher stage of oxidation. A 
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more effective procedure is to pass chlorine or ozone through a 
solution of the manganatc. 

2KjMn04-f CU-> 2KMn04-f 2KC1 

2K-Mn04 4- O 3 + H,0 ->2KMn04 + 2KOH + O. 

The latter equation embodies the chemistry of an important 
commercial method of carrying out the desired oxidation of 
manganato to permanganate. Potassium permanganate is also 
prepared by the electrolytic oxidation of the manganate at an 
iron or nickel anode. Sodium permanganate is made in the 
same way, but owing to its great solubility, it is rarely put on 
the market in the solid form. 

Potassium permanganate forms dark purple, rhombic crystals 
which have a greenish metallic lustre. They are isomorjrhous 
with potassium perchlorate. 

If potassium permanganate is slowly added to well cooled 
sulphuric acid, a deep olive liquid is formed. After thoroughly 
cooling the liquid, a few drops of water are added, and oily drops 
of manganese heptoxido, MnjO,, separate. When rapidly 
heated, manganese heptoxide explodes. The substance is 
volatile, is stable in dry air, but in the presence of moisture it 
reacts slowly, forming ozone and permanganic acid. Manganese 
heptoxide is a very powerful and vigorous oxidising agent. 
Substances such as paper, ether, fat, sulphur, etc., cause instant 
inflammation and even explosion. 

Permanganic acid can be prepared from barium permanganate 
and sulphuric acid. 

Ba(MnO,)i + H 1 SO 4 —>- 2 HMn 04 d-BaSO*. 

Dilute solutions can also be formed by dissolving the hept¬ 
oxide in water. The acid is unstable in solution, decomposing 
slowly into hydrated manganese dioxide and oxygen. Per¬ 
manganic acid is a strong acid. This is shown by the high 
conductivity of its aqueous solutions. 

Potassium permanganate is frequently used os a source of 
pure oxygen. 

2 KMn 04 ->KiMn 04 + MnO,4- 0,. 

This decomposition proceeds freely at temperatures above 240®. 
A mixture of potassium permanganate and sulphur, glycerine 
or phosphorus is violently explosive. 

If a soluble hydroxide is added to a solution of potassium 
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peiTOanganat<?, tlie colour changes from a purj^lc to a dark green. 
This is due to the formation of the manganate. 

4KMnO, + 4KOH ^ 4K2MnO* -J- 2 H 2 O + O*. 

Even a weak acid, such as carbonic acid, causes the change back 
to permanganate. 


SK^MnO* -f 2 H 2 CO 3 ->2KMnO, + MnO^ + 2 K 2 C 03 + 2 H 2 O. 

The precise manner in which potassium permanganate will 

behave in the presence of a reducing agent depends upon the 

acidity or alkalinity of the solution. If the solution is acid, the 

permanganate is always reduced to tlic divalent state, salts of 

manganous oxide, MnO, being formed, i.e. MnaO,—>2MnO+50. 

If the solution is alkaline, the reduction proceeds only to 

manganese dioxide, which separates out as a flocculent preci- 
pitate. 

MnA—^2Mn02 + 30. 

Consequently, in acid solution an extra atom of oxygen is avail¬ 
able for oxidation from every molecule of the permanganate, 
containing iMiinO-. 

As a rule, potassium permanganate is employed in acid solu¬ 
tion for the jiurpose of determining the quantity of reducing 
agent present. The sharpness with wliich the first trace of the 
pink colour of the permanganate may be detected, makes this 
salt a most useful reagent for the estimation of solutions 
containing reducing agents such as sulphurous acid, ferrous 
sulphate, etc. In nearly all cases the solution is kept acid by 
the addition of sulphuric acid, as hydrochloric acid itself would be 
oxidised by potassium permanganate. 

The estimation of tlic quantity of oxalic acid in solution is 
represented in the equation : 

2 KMn 04 + GH^C.O. + SH^SO. 

K2SO, + 2MnS04 + lOCOa + 

In passing from Mn,02->2Mn0, five oxygen atoms are avail- 
able for the oxidation of the oxalic acid, 

H 2 CA + O^H^O + 2C0, 

hence, five molecules of oxalic acid will be equivalent to two 
molecules of potassium permanganate, m,lnO^ (the student will 
note that as the oxide from which this salt is derived is MnjO„ 
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it is usual to work with the double molecule rather than with 
the gram molecule itself). Moreover, three molecules of sul¬ 
phuric acid will be needed to ensure the formation of potassium 
and manganous sulphates. 

In the reaction between hydrogen peroxide and potassium 
permanganate, we have as the primary equation ; 

2 KMn 04 + HA + H^O, -> + MnSO. + H^O + 0,. 

The reaction H 3 O 2 +O—^HjO+Oj shows that the double 
molecule of permanganate (2KMnO«) will oxidise five molecules 
of hydrogen peroxide ; three molecules of sulphuric acid must 
bo added. The completed equation is : 

2K]iIn04 + 5H302 +3H3S04-^K2S04 + 2MnS04 -f8H,0+50,. 

A similar reaction is the following : 

2 KJMnO* + 5HNO3 -f 3H,S04 —^ 

K 3 SO 4 -b 2MnS04 + SHNOj + SH^O 

Consider the oxidation of ferrous sulphate. The primary 
equation is : 

2KMn04 + FeS04 + H3S04^ 

(MiijO,) (FeO) 

KaS 04 "b MnSOj "b Fe^lSOi)] -b HjO. 

(MnO) (Fe.Oa) 

In this reaction the oxidation is : 

2Fc0 + 0->FeA. 

Consequently, ten molecules of ferrous sulphate can be oxidised 
by the double molecule of the permanganate. For tliis, three 
molecules of sulphuric acid arc required for the formation of 
potassium and manganous sulphates, while five molecules will 
bo needed in forming the ferric sulphate, in all, eight molecules 
of acid. The completed equation must bo: 

2 KMn 04 + 10FeS04 +8 HjS04-> 

K 3 SO 4 + 2MnS04 4* 6Fe2(S04)3 + 8H,0. 

Questioks 

1. Tabulalo tho oxidoa of manganese, and indicate tho typos of com¬ 
pounds, if any. derived from them. 

2. Discuss tho action of hydrocblorio acid on tho various oxidos of 
manganoee. 
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3. Coinj)are and contrast manganese with the halogen members of 
Group 7. 

4. Construct three equations in which potassium permanganate acts as 
an oxidising agent (a) in acid solution. (6) in alkaline solution. 

5. What is meant by a tnixed oxide, or an inner saft ? Illustrate your 
answer by reference to the oxides of manganese. 

6. Describe the preparation of potassium permanganate from man- 
ganeso dioxide. 

7. Construct equations to illustrate the action of concentrated sulphuric 
aci<l upon (n) carbon, (ft) manganoso dioxide, (c) potassium bromids, (d) 
potasaiuiu bromide and manganoso dioxide mixed together. 



CHAPTER XXXIX 

IRON, COBALT, NICKEL 

These elements form the bridge elements in the first long 
period, their atomic weights lying very close together (Fe—55-85, 
Co=58-97, Ni=58-68). It is to be noted that, although the 
atomic weight of cobalt is greater than that of nickel, there is 
a far greater analogy between comj)Ounds of iron and cobalt 
than between those of iron and nickel, hence the elements will 
be studied in the above order. 

The oxides of these elements are ; 

Iron. Cobalt. Nickel. 

Ferrous oxide, FeO Cobaltous oxide, CoO Nickelous oxide, 

NiO 

Ferric oxide, FojOj Cobaltic oxide, Niekclic oxide, 

Co A 

Ferroso-ferric oxide Cobalto-cohallic ox- Niekelo-nickolic 
FcjO^ ide, C 03 O, oxide, NiaO, 

Iron 

Occurrence.—Iron occurs abundantly as oxide, carbonate and 
sulphide. The more important oxides include magnetite (mag¬ 
netic iron ore), FcaOi; specular iron ore (red hajniatite), FctO,; 
limonito (brown ha;inatite), 2 Fci 03 , 3 Hj 0 . Spathic iron ore or 
siderite consists of ferrous carbonate, FeCOa- The sulphide, 
pyrites, FeSj, is widespread, but owing to the difficulty of 
removing the sulphur, it has little commercial value. 

Melallurgy 

Cast Iron. 

The first stage in the reduction of the iron ore is to subject it 
to roasting in order to expel carbon dioxide, water, sulphur and 
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other volatile matter, as well as to oxidise ferrous to ferrie oxide. 
MagiK'tite and red haematite do not require this preliminary 
roasting. The calcined ore is introduced into a blast furnace 
together with fuel and the necessary flux, limestone. The 
function of the blast furnace is to reduce the oxides of iron to 
the metal and at the same time to eliminate as many of the 

impurities as possible in the form 
of slag. The blast enters the fur¬ 
nace through the tuyeres A (Fig. 
134), after being heated in the hot 
blast stoves. The principal re¬ 
ducing agent in the blast furnace 
is cari)on monoxide. The reduc¬ 
tion of ferric oxide to metallic iron 
is expressed in the equations : 

3Fe,0a + CO 2Fe,04 + CO, 
FoaO, CO 3FeO -f CO, 
FeO + CO-^Fe + CO, 

Tlic ferric oxide is almost entirely 
n'duccd in the upper portion of 
the furnace, and as the reduced 
iron descends through the furnace, 
its carbon content slowly increases. 
The slag formation is greatest 
near the tuyeres where the tem¬ 
perature is highest; at this point 
the oxides of sulphur and phos¬ 
phorus are reduced, and the ele- 
ments pass into the molten iron. The source of the heat is 
twofold, the principal supply being due to the combustion of the 
fuel in the neighbourhood of the tuyeres, but in the upper portion 
of the furnace a considerable amount of beat is evolved from 
the exothermal process : 

Fe ,03 + 3CO-^2Fe -f- SCOj, 

The molten iron, which is tapped off at intervals, is known as 
pig iron or cast iron. 

Cast iron, prepared by the above process, contains approxi¬ 
mately 3'5-4 per cent, of carbon, from 2'5-3-5 per cent- of siheon, 
1 per cent, of manganese, varying quantities of sulphur and 
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phosphorus, ^Nnth a certain amount of carbon combined in the 
form of carbide. Cast iron has a sharp melting point which 
varies, liowever, with the composition of the iron. 

Wrought Iron. 

Wrought iron is made from ])ig iron b}' what is known as 
the puddling process. This is carried out in a reverberatory 
furnace, over the bed of wliich is spread a refractory lining 
and a layer of hammer-slag (basic iron silicate). The slag 
fuses during the operation, and forms a compact working bed. 
During the early part of the operation most of the silicon 
and manganese and part of the phosphorus are oxidised, and 
after the iron has melted, the oxidation of the impurities con¬ 
tinues. In order to facilitate the oxidation of the carbon and 
the remainder of the phosphorus, the iron is stirred with puddlers 
and gather(*d into large balls, known as “ blooms.” These 
jjuddle balls arc withdrawn from the furnace and hammered 
under a steam hammer to exjKd the slag. In the modern pud¬ 
dling process, although some of the oxidation of the impurities 
is effected by the oxygen of the atmosphere, much of it arises 
from interaction with magnetic oxide, FcjO*, derived from the 
lining. After oxidation, the impurities enter into the slag in the 
form of silicate, phos 2 )hatc, etc. 

Wrought iron melts at about 1,600-1,550® but it softens sufii- 
ciently for welding in the neighbourhood of 1,000®. Wrought 
iron is tough, malleable and fibrous in structure. It can be rollitl 
into plates or drawn into wire. A good wrought iron should 
contain not more than 0*2 per cent, of carbon and should be 
practically free of phosphorus. 

Steel. 

Steel is a variety of iron containing from 01-1'5 per cent, of 
carbon. Soft steel approximates to UTOught iron in composi¬ 
tion, averaging from O’1-0 2 per cent, of carbon, whilst hard tool 
steel may contain from 0’9-l’6 per cent, of this element, A 
medium steel runs about 0*5 per cent, carbon. The properties 
of steel vary closely with the carbon content. Steel rich in 
carbon is hard and brittle, and has certain of the characteristics 
of cast iron, whilst a soft steel is not far removed in properties 
from wrought iron. 

Metallurgy.—Five processes are in use for the preparation 
of steel: 
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(1) Tlie c'^mcntation process; (2) the crucible process; (3) 
the Bessemer process ; (4) tlie open liearth process ; (5) the 
electric furnace process. 

The Cementation Process.—Tim method, which is, however, 
gradually being displaced, is based upon the diffusion of carbon 
through iron at high temperatures. Bars of ^^Tought iron are 
packed in wood charcoal and the whole heated for about ten to 
eleven days at a temperature of 1,000-1,100°. The furnace is 
then slowly cooled off (fourteen days), so that the complete 
process takes nearly four weeks. During the cementation the 
carbon enters the outer layer of the iron and gradually diffuses 
within. Such steel, known as blister steel, because of its blis- 
tered appearance, is never homogeneous. Much of it is used for 
crucible steel, but some of it is heated and rolled into bars. 
This finds application as spring steel and as shear steel, a high 
grade tool steel. 

The diffusion of carbon into \\Tought iron is similar to the 
diffusion of one metal into another. Cj-lindcrs of gold and lead 
have been clamped together for a considerable period of time, 
and it has been shown that there has been a slow, but sure, 
diffusion of one metal into the other. The diffusion is. of course,’ 
excessively slow, as is to be expected in the case of the metals, 
but in the cementation process a great saving of time is effected 

by keeping the materials in the neighbourhood of the softening 
point of iron. 

Crucible Process. Steel, made by the cementation process, 
always contains more or less enclosures of slag, whilst much of 
it, from the very nature of its preparation, is not homogeneous. 
Tliesc difiiculties arc overcome by bringing the steel into a state 
of fusion in large crucibles. The best crucible steel is made from 
blister steel, carefully selected so that a steel of the desired 
composition and properties results. Often scrap steel is added 
w'ith carbon, whilst in other works pig iron is broken down by 
fusion with high grade \\Tought iron. Crucible steel is often of 
the highest quality, suitable for the manufacture of razors, 
surgical instruments, etc. Moreover, by the addition of requisite 
quantities of other metals such as molybdenum, tungsten, 
chromium, etc., the manufacturer is able to impart any desired 
hardness or toughness to the metal. Special tool steels which 
have the remarkable property of maintaining their hardness even 
at a red heat are now of great technical importance. 
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Bessemer Process .—In this process the impurities present in 
cast iron are removed by a blast of air forced through the molten 
mass. The manganese and silicon are oxidised and enter into the 
slag. The carbon is oxidised to carbon monoxide, in which form 
it bums at the mouth of the "converter” (Fig. 135). When 
the carbon is completely oxidised, as is shown by the marked 
decrease in the size of the carbon monoxide flame at the mouth 
of the converter, the converter is tilted over, the blast turned 
off, and there is added the necessary weight of molten spiegcleisen 
—an iron, manganese alloy containing a known percentage of 
carbon—in order to give a steel of the desired composition. 

If the pig iron is free 
from phosphorus, the 
furnace may have an 
acid lining, but if the 
phosphorus is present 
to a greater extent 
than 0 05 per cent., a 
basic lining is added. 

As such, dolomite 
(calcium magnesium 
carbonate) is used. 

This is thoroughly 
calcined, mixed with 
tar, and applied to 
the surface of the 
converter. Lime is 
also abided during the 
oxidation. The oxides of phosphorus are thereby convert^ 

into calcium pho.si)hate, wliieh is ground and put upon the 
market as a fertiliser, Thomas' Basic Slag. After the re¬ 
moval of all impurities by oxidation, the desired quantity of 

Bpiegeleiscn is introduced into the furnace. 

The Open Hearth Process.—The great advantage of this pro¬ 
cess is that a wide range of materials may be treated. Like the 
Bessemer i)roce8S, it can be ust'd for the treatment of pig iron, 
which is very low in phosphorus, in which case the lining is acid, 
and for phosphorus-rich pig iron (basic lining of the open hearth), 
but the open hearth method has a still greater flexibiUty inas¬ 
much as pig iron, containing a moderate amount of phos¬ 
phorus {0 05-0-5 per cent.) can be successfully treated by this 
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process. The furnace is of the reverberatory type, the oxidation 
being effected by means of air blown over the surface of the 
inolten metal. In order to secure the requisite high temperature, 
both the gas fuel and tlie air arc heated before tliey are brought 
into the furnace. This predicating is effected by using up the 
waste lieat of the furnace gases before they are allowed to escape. 
A typical opendiearth reverberatory furnace is shown in Fig. 136. 
This mctliod of preheating necessitates the use of two pairs of 
chambers filled with brides, each pair being alternately used for 

cooling the furnace gases and for heating up the gas fuel and 
the air. 

In tile acid open hearth process, where practically no phos- 
pliorus is present, the charge consists of pig iron and scrap. 

The manganese and 
silicon are oxidised 
first, but the carbon 
is not attacked until 
practically the whole 
of the other impuri¬ 
ties has been re¬ 
moved. Hrematite 
is often added to 
assist the oxidation 
of the carbon. When 
Fio. 136. t^he amount of the 

carbon has fallen 

to ti)e desired extent, the charge is tapped. 

In the basic open hearth process, phosphorus is oxidised at the 
same time as the carbon. The oxidation is facUitated by the 
addition of hamiatite ore. After the oxidation of the impurities 
has been completed, spicgeleisen is added. This process is used 
largely for the manufacture of mild steel. 

The Electric Furnace Process.—This process is coming increas¬ 
ingly to the fore, especially in America, for the manufacture of car¬ 
bon steels and alloy steels of a high grade. The great advantage 
appears to lie m the high temperature which can be attained The 
highly basic slag is kept thoroughly fluid, and as a result, the per¬ 
centage of sulphur and phosphorus falls so low as to be negligible. 

Chemical Properties.—Iron dissolves freely in dilute acids. 
If pure, iron liberates hydrogen from dilute sulphuric and hydro- 
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chloric acids, but the action with nitnc acid yields ammonia. 
With concentrated nitric acid, the iron becomes “ passive ” (cf. 
chromium). Such passive iron no longer displaces hydrogen 
from acids, nor is copper displaced from copper sulphate solu¬ 
tions. Such passivity can bo removed by scratching or by 
treatment \vith a re<lucing agent. It is, however, not yet con¬ 
clusively proved that the passivity is due to a thin film of adhering 
oxide, as was once thought. Concentrated sulphuric and hydro¬ 
chloric acids produce small quantities of hj'drocarbons when they 
act upon steels This is duo to a reaction with the carbide 
present in the steel (cf. calcium carbide, aluminium carbide). 

When iron is exposed to a moist atmosphere, it soon becomes 
covered with a loose film of reddish brown oxide, knowm as rust. 
Although the phenomenon of rusting was, until comparatively 
recent times, considered to be a direct oxidation of the iron by 
means of the atmosphere, investigation has revealed that the 
process is by no means so simple. Amongst the facts which 
have been accumulated ujKDn the subject of corrosion or rusting 
of iron, the following stand out: 

(o) Dry air has no action upon iron at ordinary temperatures. 
(6) Air-free water has also no action at ordinary temperatures, 
(c) Pure water and pure oxygen together have no action upon 
pure iron. 

{(1) The presence of an acid is not necessary for corrosion. 

(e) Ordinary samples of iron and steel rust in the presence of 
moist air. 

(/) Iron will not rust in the presence of pure water, pure 
oxygen and pure carbon dioxide. 

One of the most promising hypotheses put forward to explain 
the phenomenon of rusting lay in the assumption that carlxjn 
dioxide was the necessary agent in bringing a!>out the corrosion. 
This is embodied in the equations : 

2Fe +2H,0 + Oa + 4 C 0 i-?- 2 Fe(HC 03 )j. 

2 Fo(HC 03 ), + a:H,0 + O—^-Fe^Oa.fa: + 2)HsO + 4COj. 

A small quantity of carbon dioxide is therefore sufticient to 
carry on the corrosion as it is constantly regenerated. Unfor¬ 
tunately, however, this promising hypothesis does not explain 
the fact that iron will not rust in the presence of pure oxygen, 
water and carbon dioxide. Another theory, which carries a 
great deal of support, attributes the rusting to slight diSerenccs 
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in the composition of the iron whereby its solution pressure {q.v.) 
is afloct-ed. Some parts of the iron become electro-negative to 
others, and small local currents arc set up. The corrosion is 
on this view, an electrolytic phenomenon. Finality does not 
yet appear to have been readied in tlic matter. 

The Tempering of Steel.—M steel is heated to redness, and then 
suddenly dulled by being plunged into cold water, the steel 
becomes so hard that it will scratch glass. If this hardened steel 
IS again heated and allowed to cool under certain standard con¬ 
ditions, the hardness may be reduced to any desired extent 
This is known as tempering the steel. Tlie chiiling to which the 
steel has been subjected in the process of hardening “crystal 
hses-’ the equilibrium existing at the high temperature when 
the dillerent modifications and compounds of iron present 
witliin the metal are characterised by extreme hardness The 
chilling preserves this “false” equilibrium, and owing to the 
slowness with which solids revert to the stable phase, no notice- 
able change occurs in the hardness from day to day. If the 
steel is reheated and allowed to cool more or less slowly changes 
take place in the constitution of the steel, and the condition of 
affairs pertaining to any particular temperature is approached 
if not actually reached. Any desired degree of hardness may 
thus be imparted the steel. Steel cooled slowly becom^ 
comparatively soft. By a suitable adjustment of temperature 

and rate of cooling the annealer can vary the physical properties 
of the metal within a wide range. 


The Chemistry of the Compounds of Iron 
The chemistry of iron centres round the oxides 
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Ferrous oxide, FeO . 
Ferric oxide, Fe^Oa . 
Ferroso-ferric oxide, Fe 304 
(FeOa). 


Basic. 

Amphoteric, but mainly basic. 
Mixed oxide. 

Not isolated, but gives com¬ 
pounds, ferrates, similar to 
the chromates. 


The lowest oxide is a moderately strong base, giving rise to 
the ferrous salts ; ferric oxide is weakly basic in the feiTic salts 
but also forms a few ferrites from the acid, HFeOj. The tri¬ 
oxide has not been isolated, but a few derivatives of this acidio 
oxide are known—the ferrates. 
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Ferrous Oxide and the Ferrous Sails 

Ferrous Oxide is formed as a black, crystalline powder, 
when carbon dioxide is reduced by iron, or when iron oxalato is 
broken down in the absence of air. It is easily reduced by 
hydrogen to the metal, or oxidised by the air to the sesquioxido, 

FeaO,. . . . 

Ferrous hydroxide is precipitated as a white precipitate on 

the addition of a soluble hydroxide to a solution of a ferrous salt 
in the absence of air. In the presence of oxygen, immediate 
oxidation to a dirty green and finally brown hydrated oxide 
occurs. It dissolves in solutions of ammonium salts, being, 
like magnesium hydroxide, sufficiently soluble in water to require 
a fairly high concentration of OH- ions for iU precipitation. 

The ferrous salts can be prepared by the solution of ferrous 
hydroxide in the requisite acid. These salts arc strong reducing 
agents, and are only stable in the absence of oxygen. In this 
respect they show a strong resemblance to the compounds of 
divalent chromium, but not to the manganous salts which are 
stable under such conditions. The ferrous salts, derived as they 
arc from a moderately strong base, are only slightly hydrolysed. 
They exhibit properties characteristic of other similarly consti¬ 
tuted salts. So far as solubility is concerned no great difference 
is to be found between the ferrous salts and the corresponding 
salts of divalent copper, manganese, etc. 

Ferrous Chloride can be obtained by passing hydrogen 
chloride over iron fiUngs, as weU as by the action of hydrochloric 
acid upon the hydroxide or carbonate. The chloride can bo 
obtained in colourless, shining scales which are very deliquescent. 
When hcaWd in the air, it is oxidised to ferric chloride which 
volatilises, and ferric oxide remains. 

12FeCl, + 30, —SFeCl, + 2FetO,- 

In aqueous solution it is rapidly oxidised by the air. Several 
hydrates of ferrous chloride are known, e,g. FeCU,xH,0, where 
is 1, 2, 4. or 6. 

Ferrous Sulphate.—This compound can be prepared by the 
following method : 

Fe 4- HaS 04 -> FeSO* + H, 

os well as by the oxidation of iron pyrites in the air. 

2FeS, + 70,4- 2 H, 0 ->2FeS04 4- 2 HaS 04 . 
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The liquor draining away contains ferrous sulphate and sulphuric 
acid Ihis 18 treated with scrap iron. This has the double 
effect of reducing any ferric sulpliato as weU as converting the 
sulphuric acid into ferrous sulphate. The neutral solution is 
c^centrated unt.l crystals of green vitriol, FeS0,.7H,0, separ- 
t<s. I his hydrate is isomorphous with the sulphates of zinc 
and magnesium, forming one of the vitriols which crj-stalhse in 
le rhomhic system This heptahydrate is dimorphous, as it 
also crystallises in the monoclinic form. The latter appeare to 
1 e the stable form at ordinary temperatures, for crystal of the 
rhombic system can only be obtained if the saturated solution 
13 brought to crystalhsation by means of a crystal of the sulphate 
of zinc or magnesium (rhombic). Crystals of ferrous sulphate 
oxidise readily to a basic ferric sulphate. Solutions of fenous 
■ ulphatc, as well as the solid crystals, combine with nitric oxide 

hen '^"I'l “ 'compound w ith a deep brown colour, 

Fe^o ^ i^r ’■‘‘"S''"*' for nitric acid. 

the amah sulphates, amongst them ferrous ammonium sulphate 

A Ohrs salt, FeS0..(NH.),S0.,6H,0. The crystals of thfs Lh 

arc comparative y stable and even in solution the rate of oxida- 

tion is very shglit (cf. stability of the alums, p. 217) Ferrous 

^phate IS used in the manufacture of iron mo dants and 
Prussian blue ana 

tanner contains a considerable amount of 

a soluble and 'i ’ '"f rT ^‘‘‘1’''“*®- fo'-rous tannate, 

a sol iblo and almost colourless salt. A solution of this salt 

beer " W a “"d some gum-arabic have 

been added, produces an ink. When this ink U exposed 

bteek“ “‘™°®l>here, the ferrous salt is oxidised, and n fine 
black precipitate, consisting of ferric tannate. is formed The 

beforrti .‘’y® "ccessary to make the writing visible 

efflXd! f>as had tiL to bo 

anLT*'""® black substance of metallic 

appearance, obtained by the direct action of sulphur upon heated 

iron turmngs. It is used extensively in the prepa^n 

^f a \ i n ammonium sulphide to the solution 

of a soluble ferrous salt. Ferrous sulphide is soluble in 
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acids, hence its non-precipitation by the action of hydrogen 
sulphide. 

FcClj -f H^S FeS + 2HCI. 

Ferrous Carbonate.—Besides occurring naturally, this sub¬ 
stance can be prepared by treating a cold solution of pure ferrous 
sulphate with sodium carbonate. A white precipitate is thrown 
down w'hich soon turns brown on exposure to tlio air. It is 
appreciably soluble in the presence of carbon dioxide, o\^'ing to 
the formation of a soluble bicarbonate, hence its presence in 
many chalybeate spring waters. 

Ferric Oxide. Ferric Salts 

Ferric Oxide is a reddish brown powder, formed during the 
roasting of ferrous sulphate, or by the ignition of the hydroxide 
or a ferric salt containing a volatile acid. It is also found 
naturally as red hajmatite and as specular iron (steel grey in 
colour). The powdered red oxide is used for polishing purposes 
as rouge, and also as a pigment, Venetian red. The corre¬ 
sponding hydroxide is thrown down by the addition of ammonium 
hydroxide to a solution of a ferric salt. 

As is to be expected from the increased oxygen content of this 
oxide, its behaviour as a base is characterised by considerable 
weakness. As a result of this, salts formed by the interaction of 
this base with an acid, c.g. 

Fe(OH), + 3HC1 ^ FeCU + 3H,0, 

are subjected to considerable hydrolysis in aqueous solution. 

This hydrolysis can bo effectively demonstrated by dialysing 
the solution of ferric chloride. The solution is put in a bell jar 
closed with a sheet of parchment or animal membrane. The 
bell jar is stood in a current of running water. Hydrochloric 
acid diffuses through the membrane and is carried away. The 
hydrolytic equilibrium defined in the equation 

FeCla + 3HOH ^ Fe{OH,) -f 3HCI 

is thereby upset, and more hydrochloric acid is generated. In 
this way the whole of the hydrochloric acid may bo split off and 
carried away. The ferric hydroxide does not appear as a brown 
fiocculcnt precipitate, but remains in colloidal solution (j-v.)* 

Not only docs ferric oxide (hydroxide) function as a weak 
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base but, if fused with an alkali hydroxide it takes on the 
properties of a weak acid ; in short, ferrites derived from the 
acid HFeOj or HjFejO^ are formed. Sodium ferrite is produced 
by heating togetlior ferric oxide and sodium carbonate to a 
briglit redness. Other ferrites arc zinc ferrite, ZnO FejO * 
magnesium ferrite. MgO.Fe^Oa, etc. ' *» 


Ferric Chloride.—Anhydrous ferric chloride, FeClj, is best 
obtained by heating iron powder or w'ire in a stream of dry 
chlorine. It is also produced by the action of hydrogen chloride 
upon hydrated ferric chloride at a dull red heat. Ferric chloride 
sublimes m dark scales. These crystals are deliquescent and dis¬ 
solve in w'ater and in alcohol. From determinations of its vapour 

densi^ at high temperatures it is concluded that the formula 
IS heCb. 

Hydrated ferric chloride may be obtained by the concentra¬ 
tion of solutions formed by dissolving iron in hydrochloric acid, 
the reaction being completed by the oxidation of the ferrous 
chloride by means of clilorine. 


Fe + 2 HCI->Fcgi, + Ha. 
2FcCl2 + Cl2->2FeCl5. 


Yellow, deliquescent crystals of the composition FcCl 3 , 6 H ,0 are 
obtained. Other hydrates are also known. 

Ferric chloride can be reduced by boiling with iron, 


2 Fe^ + -^ -f Fe—>3Fe* + 


or by such reducing agents ns stannous chloride, hydrogen 
sulphide, sulphur dioxide, etc., 


2FeCl3 +SO 2 -f 2 H 2 O—>.2FeCl2 + 2HC1 l-HjSO. 
2FeCl3 +SnCl2->2FeCl2 + SnCI^. 

or written ionically, 2Fe^ + + + Sn++ —>.2Fo++ + Sn++ * 


Aqueous solutions of ferric chloride are generally tinted yellowish 
brown, owing to the presence of colloidal ferric hydro.xide The 
addition of an excess of hydrochloric acid renders the solution 
nearly colourless by preventing the hydrolysis 


Iron Disulphide.—Iron disulphide occurs naturally in large 
quantities as the mineral, FeS,. It is dimorphic, being found 
not only as glittering yellow, golden cubes, and octahedra 
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(pj-rites), but also as the less stable marcasite (rhombic). The 
compound can also be prepared artificially by heating the lower 
sulphide with sulphur. It is not attacked by dilute hydro¬ 
chloric or sulphuric acids, but is readily dissolved by nitric acid 
with the precipitation of sulphur. 

Ferric Sulphide, Fe„S„ is formed as a yellow mass either by 
fusing together the free eleraenU or by oxidising ieS with 
sulphur. It is obtained aa a black precipitate by the action 
of a soluble sulphide upon a solution of a ferric salt. 

Ferric Sulphate.—This compound can be obtained by 
oxidising ferrous sulphate with nitric acid in the presence of 
sulphuric acid. Owing to the weakness of the base FeCOH),, 
ferric sulphate is easily hydrolysed on boiling, with the precipi¬ 
tation of basic sulphates. If the requisite amount of potassium 
sulphate is added to a solution of ferric sulphate, violet octa- 
hedra of iron alum, K,S0„FedS0d,.24n,0. separate out. 


Ferroso-Ferric Oxide 

Fcrroso-ferric oxide, FcaO,. occurs in large quantities as the 
mineral, magnetite. As its name implies, it has marked mag- 
nctic properties. It is also produced by the action of steam anti 
of air upon red-hot iron. This oxide is in no way a basic oxide, 
for it gives rise to no distinctive salts on being treated with an 
acid Under the action of hydrocliloric acid, it yields a mixture 
of ferrous and ferric chlorides. This and other similar reactions 
indicate that fcrroso-ferric oxide is a mixed oxide, FcO.bCjOo, 
similar to the oxides Pb,0,. This oxide is therefore 

ferrous ferrite and is allietl to calcium femte, CaO.IcaOa. 


The Cyanides.—The industrial methods of preparing potas¬ 
sium ferrocyanidc have already been treated («c p. 484). It 
remains to discuss its constitution and the constitution ot Us 

kindred salt, potossium ferricyanide. 

If a solution of potassium cyanide is added slowly to a solution 
of ferrous chloride, the first reaction is the precipitation of 
ferrous cyanide, which, however, immediately dissolves in an 

excess of the reagent. 

' FeCU + 2KCN—^Fe(CN)a + 2KCl 
Fe(CN), + 4KCN ->K 4 [Fe(CN )e] 

Potassium forrocyoiude. 
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Potassium ferrocyanidc is essentially a ferrous salt, sometimes 

written 4 KCN,Fe(CN) 2 , hence the tcrminolof^y adopted_ 

ferrocvanule. 

% 

On tlic other liand. if potassium cyanide is added to a solution 

of a feme salt, the reactions will be indicated )n the foliowine 
equations: ® 

FcClj +3KCN—>^Fe(CN )3 -P3KC1 
Fc(CN) 3 + 3KCN-> K3[Ee{CN)„]. 

This salt is derived from ferric chloride, and is known as a 
ferriajanide. The relation of the ferrocyanidc to the ferricyanide 
IS shown in the following reaction, 


2K,[Fc(CN),]iv_|_ci^^2K3[Fe(CN),]ni + 2Ka. 

Tlie valence of the ferrocyanide group towards hydrogen (or 

Its equivalent, potassium), has been reduced from four to three 

i.e. It has been oxidised by the action of the chlorine. The same 

eflcct could have been produced by first oxidi.sing ferrous chloride 

with chlorine and then adding the requisite amount of potassium 
cyanide. 


If a solution of potas.sium ferrocyanide is added to a solution 

of a ferric salt, a deep blue precipitate, known as Prussian blue, 
IS thrown down. 


4Fc"fCl, 4-3K,[Fo(CN),;]‘''^Fe4i"[Fe(CN),y''+12KCI 

Ferric ferrocyanide. 

Solutions of potassium ferricyanide, when added to soluble ferric 
salts, produce only a slight brown coloration. 

If potassium ferricyanide is added to a ferrous salt, Turnbull’s 
blue IS thrown down. It is supposed that tlie reaction 

+ 2Ko[Fc(CN)o]‘"—>F e3”{Fe(CN)e]3”i -p 6KC1 

Ferrous ferricyanide, 

occurs, tliough it is also claimed that this is immediately con- 
V(«rted into Prussian blue by the oxygen of the air 

Potassium ferricyanide, as prepared by the oxidation of the 
ferrocyanide by such oxidising agents as chlorine, nitric acid, 
etc., forms red monoclinic prisms. Ferricyanio acid is obtained 

by decomposing lead ferricyanide with dUute sulphuric acid, but 
it 13 unstable. 

Neither potassium ferro- nor ferri- cyanide gives a precipitate 
with ammomum hydroxide, nor any other reaction of the ions 
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Fc+^or This shows the CTcat stability of these complex 

salts and is an indication of the extent to which the equilibrium 

Fe(CN )2 + 4KCN ^ K,[Fc(CNL] 

is puslied to the right. The absence of all reactions of iron in 
such complex salts as the ferro- and ferri-cyanides is in striking 
contrast to the behaviour of the alums, which give all the 
reactions of the metals contained therein, e.g. potassium alu¬ 
minium sulphate gives all the reactions both of potassium and 
of aluminium. It is because of this differential behaviour that 
such siilts as the alums are generally classed os double salts, 
though, as already indicated, the difference between double and 
complex salts is purely one of degree. 

Iron Carbonyl.—When carbon monoxide is led over finely 
divided iron at 80°, a pale yellow liquid is formed (B.P. 102*5° 
at 700 mm.). Above 180° it decomposes rapidly, forming u 
mirror of iron. Its molecular w’eight in benzene, as well as its 
vapour density, indicates that its formula is Fc(CO)j, iron penta- 
carbonyl. Iron tetra-carbonyl Fc(CO) 4 , and a hcpta-car- 
bonyl Fc(CO) 7 , of similar properties have also been prepared. 
In all coses the stability is much less than in the case of nickel 
carbonyl {q.v.). 

Ferrates.—Although the oxide FcOs has not been Lsolated, a 
few salts derived from this acidic oxide have been prepared. 
If iron is used as an anode in a concentrated solution of jiotassium 
or sodium hydroxide, the solution becomes almost black, and 
on the addition of more hydroxide, a reddish precipitate of 
potassium ferrate may Ixj obtained. Solutions of potassium 
ferrate arc unstable, and on boiling break dowm into the ferrite 
with the evolution of oxygen. A similar compound has been 
prepared by passing chlorine through a solution of potassium 
hydroxide in which ferric hydroxide is suspended. A satis¬ 
factory method of obtaining sodium ferrate is by the fusion 
of iron filings or iron oxide with sodium peroxide. The ferrates 
of barium, strontium and calcium have been prepared by 
double decomposition. 

Cobalt 

Occurrence and Metallurgy.—Cobalt occurs in cobaltito 
CoAsS, Bznaltitc CoAs^, and glance-cobalt (CoFe)AsS. The 
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arsenical ores are first worked up into the oxide and this is re¬ 
duced by the Goldschmidt method or with carbon. The actual 
manner of working np the ore into tlie oxide varies. Amongst 
tlic metliod.s used may he mentioned roasting with salt and 

extracting with hydrochloric acid. The solution of the chloride 
IS then precipitated. 

The process used for the separation of cobalt from otlier 

metaLs, e.g. bismuth, copper, nickel, varies from works to works 

C()balt IS refined electrolyticaily. It lias no commercial appU- 
cations. ^ ^ 

Pure cobalt is malleable, and tough ; it is slowly oxidised 
when heated in the air. It dissolves readily in acids, and at a 
red heat it decomposes steam. 

The Chemistry of the Compounds of Cobalt 

Cobalt forms three oxides, cobaltous oxide CoO, cobaltic 
oxide CojOa, and cobalto-cobaltic oxide C03O.. Of these the 
first is fairly strongly basic, comparable with cupric oxide 
ferrous oxide and manganous oxide. Salts derived from cobalt’ 
ous oxide are stable in air (contrast ferrous salts), and in other 
respects show no pronounced differences from similarly con¬ 
stituted salts of other divalent metals. Cobaltic oxide is a very 
feeble base its salts being strongly hydrolysed. Moreover, 
aqueous solutions of cobaltic salts are unstable, and in the 
presence of platinum they break down into cobaltous salts with 
the evolution of oxygen. Cobalto-cobaltic oxide is exactly 
similar m behaviour to its analogues, Fe304, MnaO*, PbaO.. 
It IS obtained by the strong heating of the other oxides. 

Cobaltous Oxide and the Cobaltous Salts .-Cobaltous oxide 
IS prepared by the reduction of the higher oxides in a stream of 
hydrogen at a temperature not exceeding 350 ®. The corre¬ 
sponding hydroxide is precipitated by the addition of sodium 
liydroxide to a solution of a cobaltous salt 

Cobalt chloride can be obtained in the anhydrous form as 
blue, crystalline scales by the ignition of finely divided cobalt 
m a stream of chlorine. Several hydrates of this salt are known. 
D.lute aqueous solutions of this salt are a pale pink in colour, but 
concentrated solutions are a deep blue. The same colour is 
given by ^lute solutions if the temperature is raised. So. also, 
the addition of a strong solution of potassium chloride to a 
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moderately strong, but pink solution of cobalt chloride, brings 
out the characteristic deep blue colour. Ihcre seems little 
doubt that the addition of potassium chloride to a solution 
of cobalt chloride causes the formation of a blue complex 
salt, e.g. 

CoCU + 2KC1 K.[CoCL] 


Co**H-2Cl- K^-l-Cl- 2K*+CoCU- 

Pink. ***‘*0- 

In strong solutions of cobalt chloride auto-complex formation 
occurs with the production of a similar complex salt of cobalt, 

Co* * + 2Cl"-f CoCl,;^Co[CoCL] 


Co"^ + -f CoCl.- 

Pink. Dix«|> hluo. 

the predominating colour being a deep blue. A rise of tempera¬ 
ture drives this equilibrium to the right and inUmsifies the blue 

colour. 

The case with which the faint pink of the hydrated cobalt 
chloride is converted into a deep blue by a rise of U^mperaturc 
is responsible for the use of this material os a sympathetic 
or invisible ink. 

Coball 5tdp/iiWe.—Cobalt sulphide is of interest as it is not 
precipitated by hydrogen sulpliide in the presence of an acid, 
but, when once it has been thrown out of solution, dilute acids 
have but little action upon it. Apparently, there are two modi¬ 
fications, one of which, the less stable, is soluble in acids, the 
other almost insoluble. In conformity with the usual rule, 
the unstable variety would be formed first on precipitation, 
afterwards turning into the more stable, but le.ss soluble form. 
The presence of the acid would inhibit the initial formation 
of the unstable sulphide. 

Small .—Smalt is prepared by roasting a fairly pure cobalt ore, 

free from iron and sulphur. The oxide is then fused with sand 

and potassium nitrato in largo earthenware pot#. A cobalt 

silicate of deep blue colour is formed. This is ground and put 

on the market as a jiigment for painting china, cto. 

TT 
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Cobaltic Oxide, Cobaltic Salts.— Ooballic oxide is prepared 
by the gentle ignition of cobalt nitrate. The hydroxide is 
obtained by the precipitation of a cobaltous salt by means of 
sodium hypochlorite. It is a black powder which is decomposed 
by hydrochloric acid with the evolution of chlorine. The only 
important cobaltic salt which has been isolated is cobaltic sul¬ 
phate. This has been obtained by the electrolysis of cobaltous 
sulphate in a platinum dish which serves as anode, the cathode 
consisting of a platinum wire immersed in a porous cell contain¬ 
ing dilute sulphuric acid. The aqueous solution of cobaltic 
sulphate slowly evolves oxygon, especially in the presence of 
platinum. Cobalt alums, M,SO,.Co3(SOH3.24HoO, isomorphous 
with the alums of Fe'". Mn‘". Cr-, etc., have been described. 
Iheso are stable in dry air, but they decompose rapidly in 

acpieous solution with the reduction of the cobalt to the 
divalent state. 

Complex Cyanides.—The constitution of the complex 
cyanides of cobalt is similar to that of the complex cyanides 
of iron. The addition of pota.ssium cyanide to a solution of 
cobaltous chloride produces potassium cobaltocyanide, 

CoCl2-fCKCN^K,[Co(CN)e] + 2Ka. 

cf. FeCIa + bK:CN->K^[Fc(CN)e] -f-2KCI. 

Chlonno, or even oxygen, oxidises the cobaltocyanide to the 
cobalticyanidc, 

2K.Co{CN)o + CI 3 2 K 3 [Co(CNh] + 2KCI. 

There is, however, one important difference between the complex 
cyanides of cobalt and of iron: whereas in the case of iron the 
-ous cyanide is the more stable, the converse is found to be the case 
with the cobalt complex cyanides. The addition of an acid to 
a solution of potassium cobalticyanide precipitates the corre¬ 
sponding acid. This acid, as well as its salts, gives none of the 
reactions of cobalt. 

Other Complex Cobalt Salts. —If ammonium hydroxide be 
added to a solution of a cobalt salt, the precipitate of cobalt 
hydroxide, at first thrown down, soon rcdissolves with the forma¬ 
tion of a complex salt, in which the ammonia forms part of the 
complex cathion (Co.a-NHa)^ '*■ (cf. zinc, copper, nickel, cadmium). 
Potassium cobaltinitrite is obtained as a yellow precipitate 
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when a solution of a cobaltous salt, acidified with acetic acid, is 
treated with a solution of potassium nitrite. The precipitate 

has the composition KiCofNO-)*- 


Nickel 

Occurrence.— Nickel is found in nature as mckel 
NiS; nickel glance. NiAsS; nicolitc (kupcrmckel) NiAs; 

pentlanditc, NiS, 2FeS ; and garniente. a hydrated sihcate of 
mckel and magnesium. 

Metallurgy .-Large quantities of nickel arc obtained from 
the sulphide ores round Ontario. These are dressed, roasted 
and then smelted in blast or reverberatory furnae^ m order to 
produce a matte, consisting largely of the sulphides of mckc , 
iron and copper. This is then oxidised in a converter similar to 
that used in the Bessemer steel process. In this way practically 
the whole of the iron is removed. The resulting mass consists 

of the sulphides of nickel and copper. , , • *1 

This nickel matte is refined, citlier by repeated fusion with 
sodium sulphate and coal, or by the Mond process The latter 
process is based upon the alternate formation and decomposition 
of nickel carbonyl, Ni(CO). (p. 358). This compound is formed at 
500-80“ and broken down into nickel and carbon monoxide at a 
higher temperature. Very pure nickel is obtained in this way. 

Propertles.-Nickel is a white, hard metal which is capable 
of taking a high iiolish. It dissolves freely in dilute nitric acid, 
hut hydrochloric and sulphuric acids have Uttlo action upon it. 
Ijirgo quantities of nickel are used in making alloys for coinage 
purposes, cte., as weU as for nickel-plating. In this case the 
bath consUts of a solution of ammomum nickel sulphate to which 
an excess of ammonium hydroxide has been a< dcd. 

Finely divided nickel has a marked catalytic action. It 
faciliU^ the reduction of ethylene to ethane by means of 
hydrogen, carbon monoxide to methane, etc. Commercial use 
is now being made of this property in the hydrogenation (reduc- 
tion) of oils. Linseed and cottonseed oils aro now rcduc^ by 

having nickel powder suspended in them and 

through them. The metal assists the oil to combine with the 

hydrogen, yielding a fuUy saturated oil. 
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ClIKMISTRY OF THE COMPOUNDS OF NiCKEE 

lliroe oxiiles of nickel arc known—nickolous oxide, NiO 
UK -OK! oxide ISi, 03 , and nickelo-niekelic oxide, NijO*. Of 

salts, all of «■ HCI, arc d,valent. Little need be said of the salts 

extent, differing only in colour and in the formation of the 
double or complex cyanides. If potassium cyanide is added to 
a solution of a salt of nickel, the foUowing reactions occur. 

2KCN + NiCI,^Ni(CN), + 2KCl 
Ni(CN), + 2KCN->K,[Ni(CN).] 

"■o'^'-Io'^yanide is therefore differently con¬ 
stituted from Its analogue, potassium cobaltocyanide, K.Co(CN) 

r^tX,7’ important difference ; whereas the 


4KCN 

A 


+ Co(CN), 


2 K.[Co(CN),] 


4KM 4CN- Co*++2CN- 


4K*+[Co(CN).]a 


IS so complete that no measurable amount of cobalt ion is left 
in the solution, in the corresponding reaction leading to the 
formation of potassium nickelocyanidc the equiUbriiim does not 

Uon™orni:k''l “ “K-eiable concentra¬ 

tion of nickel ions is left in solution. Consequently, when 

sodium hypobromite or Iiypoehlorite is added to a solution of 

potassium nickelocyanide, there are sufficient Ni + + ions capable 

of NHoTiTwT b ®°>“biiity product 

f NifOH), will be exceeded, and this hydroxide separa4 from 

the solution The solubility product of cobaltio hydroxide is 

f!m al''the'^''‘*i be effeeted. So 

!nbnTt ^ 1 '‘I tbe only effect is to oxidise the 

cobaltocyanide to the more stable cobalticvanide. The appear- 

anee of nickehc hydroxide instead of nickelous hydroxide^fs of 

course due to tho oxidising action of the hypochiLite. NickeL 

ous salts give rise to complex ammonia cathions (Ni tNH,) + + 

Zn, (^o! cur ammonium hydroxide (cf. 

Nickelo.nichlic oxide. m,0,. is formed either by prolonged 
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heating of nickel chloride in a stream of moist oxygen, or by 
fusing metallic nickel with sodium peroxide. On heating to 
redness decomposition into the monoxide results. 

Nickelic oxide, Ni.O,, is reputed to be formed by the ignition 
of the carbonate or nitrate in the air. With hydrochloric acid 
chlorine is evolved, with sulphuric acid oxygen. Recent work 
has thrown doubt upon the chemical identity of this substance. 

It is claimed that Ni^O^ is in reality an intimate mixture of the 
monoxide and a dioxide. NiO,. The oxide Ni^O, would, on 
this view, be nickelous nickelite, 2NiO,NiOa. The matter has 
not been definitely cleared up. 


Questions 

1. Discuss the compo.sition and action of the gases present in the various 

portions of un iron-smelting blost-fumoco. 

2 Compare and contrast the chromates, manganatvs and ferrates. 

3 ! Discuss tho comi>osition ond constitution of tho complex cyanidos 

4 o" cyanide is added to a solution containing 

tho chlorides of nickel and cobalt. Sodium hydroxide and bromine are 
Idded an^i the solution wanned. A precipitato of nickehc hydroxide 

iilono is thro%v*n dou'n. Explain this, t*. . g \ 

5 How would you proparo the following from motallic iron : (a) feme 

sulphate, (6) anhydrous ferric chloride, (c) ferrous oxide, (d) ferrous 

*^*'(!!"compnro tho Bessemer and tho open-hearth processes for manu- 

^‘^^^Tabulate* the oxidos of iron, cobalt and nickel, and indicate what 
typos of compounds, if any, are derived from them. 


CHAPTER XL 


RUTHENIUM, RHODIUM, PALLADIUM. OSMIUM. 

IRIDIUM. PLATINUM 

liiESE ciomonts fall into the last group of the Periodic Tabic, 
immediately below iron, cobalt and nickel. The first three 
e ementa. rut lenium, rhodium and palladium form the bridge 
e ements m tl.e second of the long jicriods. the remaining three 
the biidge elements of the third long period 

The diief deposits of these valuable metals are the Ural 
ilountains Califorma, Australia and Brazil. As might be 
expected from the noble nature of these elements, they are 
always found m the uncombined state. The elements of the 
frst tnad-ruthenium, rhodium and palladium-are more 
fusible and more easily brought into combination with oxygen 
than are their analogues. 

Osmium—Both these elements unite 
fmrly n.a(l,l,y ,v.th oxygen. They form the following oxides : 

Se.sguioxidrRu.O, MonoxidroT6 

Dioxide RuG, Sesquioxide, Os.O, 

letroxide, RuO. Dioxide. OsO. ' 

Tetroxide, OsO* 

frRnpf derived from the sesquioxide. 

RutSn^ " dioxide, e.g. ruthenium sulphate 

knoum* Die f ‘‘"d per-ruthenatef are 

RuO the I rT “"known oxide, 

ate K RnG K n . • ""known Ru,0,. Potassium ruthen- 

lum note?*' ' r a mixture of ruthen- 

e^s’teirof hydroxide and nitrate. Greenish mctallie 

crystals of the ruthenate can be dissolved out 

tetroxide, “ osmio acid ” as it is often caUed, is used 

646 
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in microscopic work for staining purposes. This arises from the 
ease with which it can be reduced to the metallic state. The 
oxide is formed by direct oxidation or by heating the metal in 
steam. It sublimes in glistening, needle-like crj’stals. The 
oxide dissolves in water, but the solution does not give an acid 
reaction. The physiological action of this substance is severe, 
the lungs and the eyes alike being attacked by its vapour. 

Osmium forms a few salts in which it is divalent, e.g. OsClj, 
some in which it is trivalcnt, OsCla, and a few in which it is 
tctravalcnt, OsU. Osmates arc also fonned from the unknown 
oxide OsOg. Potassium osmatc, Kj 0 s 04 , 2 H 20 . is thrown out 
by the addition of alcohol to a solution of the tetroxide in 
potassium hydroxide. 

Rhodium and Iridium.—These elements are characterised 
by their extreme reluctance to enter into combination with 
acids, even aqua regia having no action unless the metal is in a 
fine state of division. The metals, when in a finely divided state, 
are attaekc<l by chlorine at a dull red heat. The metals arc hard, 
iridium being often employed to alloy with platinum in order to 
increase its hardness. The more important oxides are the 
scsquioxidcs, RhaOa, IT 2 O 3 , and the dioxides, RhOj and IrOj. 
The most important salts arc those derived from the sesqui- 
oxides. From rhodium such salts as RhCls, RhaSo, Rhj(S 04 ) 3 , 
etc., have been prepared. Iridium not only forms such salts, 
but it also gives rise to a considerable number of double or com¬ 
plex salts, e.g. KsIrClj.SHaO. The general formula of such salts 
is SMCl.IrCb. where M denotes K, Na, NH,, Tl, Ag, Ru, Cs. 
Iridium dioxide also forms a few salts, e.g. IrCI*- Iridium 
tetrachloride displays the same tendency to unite with neutral 
groups of the alkali halides as docs the trichloride. The general 
formula of tliesc double salts is 2MCl,IrCl4, where II denotes 
K.Na,NH 4 .Ru,Cs,Ag,Tl. 

None of the oxides of these elements displays any acidic 
tendency. 

Palladium.—Palladium differs from its analogue, platinum, 
in the ease with which it can be brought into solution. Concen¬ 
trated nitric acid attacks it freely, as does fairly concentrated 
sulphuric acid. Palladium gives three oxides, the monoxide, 
PdO, the dioxide, PdOj, and a sesquioxode, PdaOj. Of these 
the monoxide and dioxide are important, os they give rise to 
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tile paUodom aiul palladic salts, thoupli a few salts from the 
srsimioxide are also known. The palladous salts, e g. IMCK 
JMSOj arc stable, hut on ignition they break down. Teavinfr a 
n'sidue of the nieta!. Palladous chloride dissolves readily in\n 
excess of potassium chloride, and from the solution crystals of 
the conii)osition K.PdCl, ean be obtained. 

Pallmlic .salts, c.g. PdCl., are unstable, but can be converted 
into stable compounds by coupling them with alkali salts, 
brom palladic chloride one can obtain salts of the formula 
McPdClc. where M denotes K, Rb, C.s, NH^. etc. 

Ihe facility with whicli palladium ab.sorbs Iiydrogen has 
already been commented on (p. S2). Although the view was 
long hcla that a dofinito chemical compound (hydride), Pd^H, 
was formed, physico-chemical evidence upon this'subject fails to 
.substantiate such a view. The absorption appears to be nothing 
but a solubility effect. Palladium, charged with hydrogen is a 
very active reducing agent. It will reduce ferric sal'ts to ferrous 
potassium ferricyanide to fem>eyanidc. chromate to chromous 
salt, chlorine to hytirogen cldoridc, etc. 


Platinutvi 

Metallur 6 y.-The crude platinum is digested with aqua 

regia, the j)latinum and its allied elements being thereby taken 

into solution. After filtration, tlie filtrate is evaporated to 

dryness with the addition of hydrochloric acid. The aqueous 

extract containing the chlorides is then treated with ammonium 

chloride an(l the insoluble ammonium chloroplatinato separates 

from the solution. Tliis is ignited in a nuimc and the platinum 
remains. 

(NH JjPtClc Pt + 2 CI 3 + 2NH4C1. 

Properties.—Platinum is a silver-white metal. Its ductility 
and malleability enable it to be drawn out into fine wire or 
beaten into tlic foil. On account of its slight chemical activity 
It IS used freely for the purpose of making crucibles and in many 
electrical instruments. Amongst the few elements which act 
upon It are nascent chlorine, carbon and phosphorus. A phos- 
phatc under reducing conditions attacks platinum sufficiently to 
render it dangerously brittle. Platinum is attacked by hot 
concentrated sulphuric acid, as well as by fused alkalies 
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Platinum has the property of catalysing many cl>emical 
reactions, especially when in a fine state of division. e 
catalytic activity of colloidal platinum, prcpare<l by the method 
of sparking umlcr water (q.v.), is easily affccU'd by traces of 
jioisonous gases, e.g. hydrogen sulphide, hydrogen cyanide 
carbon monoxide. Some of the reactions which arc catalysed 

by platinum arc, 

H, + Bra->2HBr 
2 H 2 + O 2 —>2H30 
2802 + 02-^2803 

A very active form of platinum may be obtained by precipitating 
the metal from iU solution by such reducing agents as an 
alkaline solution of formaldehyde, or of giucosc. There seems 
little doubt that the catalysis is brought about rather by physical 
than chemical means, i.c. the platinum docs not enter into 
combination with the reacting substances, but aids the reaction 
by bringing the reacting substances together m a highly concen- 
tnite<l form upon its surface (cf. Chap. XIV to see the effect 
of concentration upon the velocity of a chemical reaction). 

Compounds of Platinum.—Platinum forms nui^rous 
oxides of which the most important are the monoxide, PtO, the 
dioxide, PtOa, and the trioxide, PtOj. The monoxide and 
dioxide give rise to a well-defined series of salts. 

Platinous oridc is obtained by the addition of potassium 
hydroxide to a solution of a platinous salt. It is a black powder 
which dissolves readily in hydrochloric and sulphuric acids. 
Strong heating causes decomposition into the metal. It is 
capable of reducing hydrogen peroxide and acidified potassium 

permanganate. 

PtO + H 2 O 2 —>-Pt02 + H 3 O. 

Plaihious chloride may be prepared by the direct action of 
chlorine upon the metal at 360% as well as by heating the totra- 
chloride Ui a temperature of 300--350^ Platinous chloride « 
insoluble in water, but dissolves freely in hydrochloric acid 
yielding chloroplatinous acid. H 2 PtCI*. Many salts, denv^l 
from this acid, have been isolated. Potassium plattnochlondc 
or cldoroplaiiniU KjPtCl^, is obtained by rtxlucing chloroplatmic 
acid, HjPtCU, with sulphur dioxide. Potassium chlondc is 
then added and crj'staU of the platinochloride separate from the 
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Bolution. This salt is uspcl in making platiinitn prints. A 
complex cyanide, similar in constitution to the chloride, has 
been prepared. Potassium platinocyanide, KaPttCNb.SH.O, 
is made by dissolving ammonium piatinicyanide in a boiling 
concentrated solution of potassium cyanide'to which potassium 
hydroxide has been added. After the evolution of ammonia has 
ceased, the solution is evaporated until crj-stallisation sets in. 
It is also formed when spongy platinum is boiled in a solution of 
potassium cyanide. It forms long, yellow needles. Both 
potassium and barium platinocyanide show strong fluorescence 
in the solid state, especially under the action of the radium 
rays and X-rays. If a hot solution of this salt be saturated 
with clilorine, colourless ciw-stals of a chloroplatinicyanide, 
t(CN)4Cl2*2HjO, may be obtained on evaporation. 
Ilydrakd plalhmm dioxide. Pt0„3-H,0, is obtained from the 
decompo.sition of platinic chloride by means of sodium hydr¬ 
oxide. The residue is treated with dilute acetic acid to dissolve 
out the alkali. The oxide is amphoteric and gives rise notonly 
to such salts as PtCl*. Pt(SO.)a. but also to the platinates. 

Plattnw chloride is best prepared by heating chloroplatinic acid, 
HoPtClg, in a current of dry chlorine at 300^-360°, or in a current 
of hydrogen chloride at 165^. It is moderately soluble in water, 
but easily soluble in the presence of hydrochioric acid, forming 
chloroplatinic acid. 

PtCI, + 2HCl^HaPtCI«. 

If platinic chloride is dissolved in water, the solution has an acid 
reaction and will decompose carbonates. This is supposed to be 
due to the formation of the acid, H^CPtCldOH),], electrolysis 
revealing that the platinum is part of a complex anion 
Ckloroplatinxc acid, H^PtCI^GH.O, is obtained by dissolving 
platinum in aqua regia and evaporating with hydrochloric acid 
until the whole of the nitric acid is expelled. It forms brownish- 
red deliquescent prisms. Numerous salts of the type MaPtCIc, 
where M is a monovalent metal, have been prepared. Potassium 

and ammonium chloroplatinates are remarkable for their com- 
parativo insolubility. 

Platinic sulphate, Pt(SO.)„ is obtained by dissolving platinum 
sponge in concentrated sulphuric acid at 350^". 

Hydrated platinic oxide dissolves in an excess of potassium 
hydroxide, forming potassium platinate. 
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Pt(OH >4 + 2K0H ^ KjPt(OH),. 

Sodium and potassium platinates have been prepared. Their 
constitution is represented by the formula MjCPtlOH),] rather 
than by M,Pt 03 , 3 H, 0 . These platinatcs are isomorphous with 

the Btannatea. 


CHAPTER XLI 


RADIO-ACTIVITY—THE CONSTITUTION OF 

MATTER 


Electric Discharge in a Gas at Low Pressure.—If a 
vacuum tube, containing a gas, be connected to a good pump, 
and the alurmn.um electrodes joined to the terminals of an 
induction cod some very beautiful and interesting results may 
be observed. At first, a luminosity is seen to shoot from the elec¬ 
trodes, somewhat in the nature of a forked brush-Uke discharge. 



Fio. 137. 



Fio. 138. 


and 03 the pre^uro of the gas is reduced, the dark space separ¬ 
ating tlie two luminous areas stcadUy shrinks, untU practically 
the whole tube is filled with the glow. As the pressure falls 
still furtimr, the cathode glow is seen to consist of two parts— 
the caOuxle glow surrounding the cathode with a velvety light 

and the negat.ve glow, separated from the cathode glow by the 
80 -caIled Crookes’ Dark Space. ^ ^ 

The positive glow soon begins to break up into flickering 
strnc. As the pressure is still further reduced (below 0 5 mm.) 
the negative g ow e.vtends, and with it, the Crookes’ Dark Space, 
while the positive glow retreats. Ultimately, as the exhaustion 
approaches completion, the Crookes’ Dark Space extends until 
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it fills the whole of the tube, while the glass walls begin to fluoresce 
brightly the precise colour of the fluorescence dci)en<Ung upon 
the composition of the glass. With soda glass the fluoreseenee 
is distinctly bluish. As the gas within the tube becomes still 
further attenuated, a beam of bluish light is seen to leave the 
cathode, and, if the evacuation has been pushed sufficiently far, 
these rays strike upon the glass round the anode and cause 

vivid fluorescence. Tliese arc the Cathode Bays. 

Amongst the more important properties of the cathode rays 

may be mentioned the following : 

1. The rays 
travel in straight 
lines normal to the 
surface of the 
cathode. An ob¬ 
ject interposed in 
the path of the 
cathode rays 
throws a shadow 
upon the fluoresc- 

iiiE wall (Fig. 1311). , 

2. The rays have the property of passing through matter, 

provided the thickness does not exceed a certain critical thick¬ 
ness. Lenard was able to coax the rays through an aluminium 
window, and experiment with them in the open. Such rays are 

known as Lenard Rays (^.v.). » i « 

3 The cathode rays raise the temperature of bodies upon 

which tlicy fall. When focussed upon a metal the rays raise 

the temperature to such an extent that the metal may melt, e.g. 

platinum becomes white hot. 

4. The calliode rays can be deflected from the,r courses 

aid of a magnet or by means of an electrxc field. The 

which is produced upon a beam of cathode rays by a known 

electrical field, is such os to leave no doubt that 
consist of negatively charged particles shot out from the 

The view put forward by some of the German school of p y 

sicists was that the cathode rays were ether ^ 

Crookes suggested that they were some form of radiant mattor 

proicctcd from the electrode under the action of the 
electric forces. This view of the material nature of the “‘''od 
rays is now universally accepted. These negatively charged 


654 


AN INORGANIC CHEMISTRY 


Whenever a physicist is called upon to deal with matter 

® denotes tlie 

slhWf f becomes at once the 

bjcet of investigation. The experiments of J. J. Thomson and 

his school proved that e/m for the cathode rays had a value 
approximately E 8<''0 times as large as the ratio c/m for the 
hydrogen ion. Either, therefore, the charge earned by the neg¬ 
ative electron is 1,850 times as large as the charge on the 
hydrogen ion, or the mass of the electron is only 1/1850 of the 
mass of the l.ydrogcn atom. By methods which it would take 
us into the realms of pure physics to pursue, it has been indu- 
b tably established that c. the charge carried by the electron is 
always the same as that carried by the hydrogen ion, i.e. 96,000 
coulombs The mass of the negative electron must consequently 
be only I/I 80 O of the mass of the hydrogen atom. Moreover^ 
It has been shown that the cathode rays are ejected from the 
electrode with a velocity from 2 to 10 X 10 « kilom. per sec (light 
travels at 30 x 10* kilom. per sec.). ^ ® 

Although the electrodes used in the vacuum tubes have been 

Tted ‘I'®"®"* the mass of the electrons gener- 

ated within the tube remains unaltered. Under the influeL of 

X.rays as well as of intense heat, all kinds of matter can be made 

to eject a stream of negatively charged electrons, and we shall 

soon see that during radioactive disintegration, negative electrons 

are hurled forth with a velocity approaching that of light yet 

with few reservations, it may be stated that the mass of ^the 

electrons IS always constant, 1/1850 of the hydrogen atom 

thn\^unX!°^h‘^"’f conclusion 

that under the play of intense electric (and radioactive) forces. 

these negative y charged electrons are shaken from or shot ou 

their m iT These results receive 

tte ewf °®‘‘’ on the assumption that the nega- 

Thl 1 f a fundamental part of aU matter; as J. J. 
fOT Z f ^ t Jexplanation which seems to me to account 
foun!w ^ *.''® e*“plc and straightforward way is 

sime kL ” agpgations of particles (electrons) of the 

same kind. These electrons apparently differ both in number 

and in arrangement for aU the different chemical elements 
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Lenard carried out some interesting experiments upon the 
power of the various elements to absorb the so-callcd Ltnard 
rays. He found that, for all elements except hydrogen, the 
absorption of the Lenard rays is proportional to the weight of 
the metal or gas ; nothing else matters but the weight. Lenard 
deduced from these experiments that equal weights of different 
elements must contain an equal quantity of some common con¬ 
stituent. He also derived support to these conclusions from the 
observation that when Lenard rays are brought into an attenuated 
gas, some of them arc deflected from their straight-line path, 
due, he concluded, to the repulsion exerted upon a negatively 
charged electron when it came within the sphere of influence of 
the negative electrons in the atoms of the attenuated gas. 

Radio-active Phenomena 

In 1896 Becquerel showed that crj'stals of uranium potassium 
sulphate were able to reduce the silver salts of a photographic 
plate, even though the 
plate bo well wrapped 
up in black pajKjr. 

This effect was given 
by all the salts of 
uranium, whether dis¬ 
solved or in the solid 
states. He also noted 
that when a salt of 
uranium is brought 
into the neighbour¬ 
hood of a charged gold- 
leaf electroscope, the 
leaf slowly collapsed. 

These effects arc duo to 
rays given off by the 
salts of uranium. Such 
Becquerel rays, besides affecting the photographic plates, must 
possess the property of making the air in its neighbourhood a 
conductor, for how else could the insulation of the electro¬ 
scope have been destroyed ? This property of ionising gases 
is so strongly developed, and at the same time is so 
capable of exact and delicate measurement that it has entirely 
superseded the old photographic method of investigating the 
nature of the Becquerel rays. Fig. 140 shows the manner in 
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which sucli electrical measurements arc made. The sub¬ 
stance to be invest ijratod is spread over the ])lato B in 
the ionisation eliamber. B is kept cliarged to a definite high 
]iotential by means of a liigii voltage battery. Tlic forma¬ 
tion of charged ions is shown by the electroscope, connected 
to A. 


Shortly after, Mine. Curie (1S98) showed that the compounds 
of thorium also possessed the power of generating Becquerel 
rays. Soon afU‘r this an e.xamination was made of the minerals 
which contain tliorium and uranium and the surprising discovery 
was made by Mine. Curie that some of tlic minerals were much 
more radioactive than either pure uranium or pure thorium ; 
for example, pitehblendes were four times as active as metallic 
uranium. This large activity would best be accounted for by 
the supposition that a hitherto unknown svdistance was present 
which ijossessed the projierty of ra<iio-activity to an even greater 
extent than uranium itself. 

Rime. Curie then began the task of traeking and isolating this 
radioactive product. In her analytical separation she tested both 
precipitate and filtrate by means of the electroscope, and was 
thus able to ascei-tain wliether the active material had been con¬ 
centrated in the precipitate or in the filtrate. In tliis way slie 
was able to isolate two very active substances—one of these 
which was separaU'd from bismuth she named Poloniinn, the 
other liadium. The radium salt proved exceedingly difficult to 
separate from its analogue, barium, but by repeated crystallisa¬ 
tions she was able to separate the less soluble radium bromide 
in a pure state. 


The chemical properties of the salts of radium are extremely 
like those of the alkaline earth elements, especially barium. 
The metal radium was obtained by the electrolysis of radium 
chloride with a mercury cathode. The amalgam was afterwards 
heated m a current of hydrogen in order to volatilise the mercury, 
llio metal proved itself very reactive, dissolving freely in water 
and acid. The atomic weight of the element was obtained from 
the analysis of radium chloride. It was found to be 226. But 
besides the interesting chemical and physiological properties 
possessed by radium and its salts, such as their power to decom¬ 
pose water into hydrogen and oxygen, to incite pliosphorescence 
of the diamond, of zinc sulphide and of the platinocyanides, 
t ese substances possess to an extraordinary degree the power 
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of fopging a photographic plate and of causing the discharge of 
a gold-leaf electroscope. 

If the rays generated by ra<lium bromide be subjected to the 
action of a magnet or of an electric field, the rays are sorted out 
into three distinct types (Fig. 141). They are : 

The Alpha Itays .— 

Under the action of the 
electric forces the.se are 
bent in .such a way as to 
show that they consist of 
positively charged par¬ 
ticles. These positively 
charged rays have been 
investigated by the 
methods which have 
already been discussed in 
connection with the ca¬ 
thode rays, and research 
has revealed that they consist of positively charged helium atoms, 
moving with a velocity about one-tenth that of liglit. Ihese 
rays have little penetrative power and are stopped by a few 

layers of pajMjr or a few cm. of air. 

The Bela Bays .—These proved to be identical with the cathode 
rays of the vacuum tube. They are, in fact, negatively charged 
electrons shot out of the radium with a velocity approximating 
to that of light. These rays possess a far greater i)cnetrating 
power than the alplia rays, for they can produce measur¬ 
able effects after passing through a thickness of paper or 
aluminium foil 100 times as thick as is required to stop the 
alpha rays. 

The Gamma These arc not deflected by the most 

powerful magnetic field. Their penetrating power is very 
intense ; indeed, it has been recorded that they can pass tlirough 
a sheet of lea<l 8 cm. thick. All the experimental evidence goe.s 
to show that the rays are identical with the X-rays. Ihoy are 
ether pulsations set up by the bombardment of the solid salts by 
the stream of negatively charged electrons (Beta rays) produced 
within itself, in every way comparable with the ether pul¬ 
sations (X-rays) propagated through space wlum the cathode 
tube is being bombarded by the rapidly moving cathode 
rays. 
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The Disintegration of the Radio-active Elements- 
During tlie investigation of the properties of uranium, Crookes 
noticed that if a uranium salt was precipitated by means of 
ammonium cartionate and the precipitate treated with an excess 
of the reagent, nearly the whole of the precipitate first thrown 
down rcdissolved. This solution, although it contained the 
uranium, was found to have lost its radio-activity, whilst the 
smaU residue had acquired the whole of the radio-activity pre- 
viously possessed by the uranium salt. This residue Crookes 
named Uranium X. Still more interesting was the result that 
m the course of a few months the inactive uranium had re¬ 
acquired Its activity, whilst that of the uranium X had entirely 
disappeared. A similar phenomenon was observed by Ruther¬ 
ford and vSoddy in the case of Thorium and Thorium X. The 
only interpretation of these results is that the activity of uranium 
IS due to some substance which is produced spontaneously from 
the uranium. The radio-activity of nonnal uranium represents 
the equilibrium value wherein just as much of the active product 

pos'itLn“ “"dergocs spontaneous decom- 

The most striking feature about this radio-active decay and 
regeneration is that it is totally unaffected by temperature 
changes. It proceeds as freely at the temperature of liquid air 
as at a white heat. Moreover the radio-activity of a salt of one 
of the radio-active substances is strictly proportional to the 
amount of radio-active substance present and is entirely inde¬ 
pendent of the particular acid radicle with which the radio-active 
element is associated. These facts prove that the phenomenon 
of radio-activity is a property of the atom. 

Moreover no known molecular decomposition is uninfluenced 
by a change of temperature from the neighbourhood of the 
absolute zero to a white heat, so that we are forced to the con- 
dusion that radio-activity is a result of atomic disintegra- 

During the disintegration of thorium a whole series of disin- 

tegmtion products have been shoivn to be formed, some of which 

hav e but a, transient existence, whilst the life of others is measured 
m geological epochs. 
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Th.^^Meso-tli. I_>Mcso4h.ir^Radio-tli<^jf!^Th. 

232 228 228 228 224 


X ' 

Th. Emanation*^^ Th. A'^::f:^Th. B^rrfl^Th. C-'^^Th. D^:^ 
220 216 212 212 208 



end product. 

208 . 

An interesting feature was discovered concerning thorium 
emanation. It proved to be a gas (atomic weiglit 220) which 
has all the properties of the rare gases (argon, etc.). Under no 
conditions could this gas bo brought into combination with 

another element. 

A similar disintegration series has been constructed for uranium 
and radium. The constant association of these two elements 
suggested the hypothesis, now generally acceptcnl, that radium 
itself is one of the disintegration products of uranium. 

Ur. I**>^^Ur. Xi'^^Ur. Xa’^:l>Ur. 2 *"::^^ lonium'^r^ lU*::^ 
238 234 234 234 230 226 


Ra. Emanation *-^^ Ra. ^ Ra. B^:!![>Ra. 0 y . Ra.D^:^^ 
222 218 214 214 210 


Ra. Ra. end product. 

210 210 206 

From the chemical point of view, the most interesting of this 
aeries other than the end product is the radium emanation, 
produced from radium by the expulsion of an alpha ray. 
Radium emanation, like the emanation of thorium, proved to bo a 
gas, endowed with all the properties of the argon family. The 
name, Niton or Jiadon is now assigned to the radium emanation. 
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The following experiment, carried out by Rutherford with 
niton, is of surj)assing interest for the light which it throws upon 
atomic tiisintegration. A very thin-walled glass tube A was 
sealed into an outer tube R, whicli was thoroughly evacuated. 
A was then filled with helium under pressure, but no trace of the 

helium spectrum could be detected in the 
attaelied discharge tube C. No leak 
could therefore exist between A and B. 
The helium was then carefully removed 
and radium emanation passed into A. 
The glass walls of A w’ere sufficiently thin 
to allow' the passage of the alpha rays 
given off during the disintegration of the 
niton, but, once within the outer vessel 
B, they were unable to escape through 
the thicker outer walls into the atmo¬ 
sphere. In a few hours the helium 
spectrum became visible in C. Atoms of 
helium, then, are thrown off during the 
disintegration of niton into another radio-active solid. This 
aflords the first definitely established example of the transmuta¬ 
tion of one element into another. 

Are the Radio-active Disintegration Products Elements ? 

^^Ihe degradation of the atom of radium into niton and helium 
raises the question whether radium is to be classed as a definite 
chemical element, and if so, to what extent does the generally 
accepted definition of an element require amplification. The 
usual definition of an element stresses its non-composite nature, 
hrom such a view point, the radio-active elements can scarcely 
be recognised as elementary in nature ; but on the other hand, 
they do possess many of the criteria of a true chemical element. 
The various radio-active elements and their disintegration pro¬ 
ducts have a perfectly definite atomic W'eight, certain distinct 
and definite chemical properties are associated with them, each 
of them possesses a spectrum distinct from the spectrum of all 
other elements, while their decomposition is utterly and entirely 
beyond the control of the chemist. The manner in which radium 
decomposes into its emanation at a rate which is independent of 
the temperature of its surroundings is so distinct from the usual 
decomposition to which a composite molecule is subject that no 
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reasonable doubt can now exist that there is a fundamental 
distinction between the breaking down of a composite molecule 
like water, and the disintegration of a radio-activc element—the 

one is molecular, the other atomic. 

The view which has been put forward to explain radio-active 

disintegrations-a view which is now generaUy accepted-is that 
the phenomenon is purely intra-atomic, and m no way akin to 
the breaking down of the molecule of a compound into its con¬ 
stituent atoms. For this reason a slight modiBcation of the old 
dcBnition of an clement is required and in the dcfini ion 

of an element already quoted (p. 17) emphasis is laid upon the 
non-divisibility of the atom of the chemical clement by any 
means under the control of man. 

The Chemistbv of the Radio-active Elements-Their 
Position in the Periodic System—Isotopes 

When one takes into consideration the extraordinarily snaall 
amounts of the radio-active elements at the disposal f-**® 
physico-chemists who have investigated the properties of these 
su^tanccs. it is a matter of wonder that their chemical proi^rttes 
have been tracked down with the certainty with which the 
trained analyst is wont to undertake the investigation of a 
sample of a normal inorganic salt. “ Separations of two chemicaUy 
distinct radio-clements.” WTites Soddy*. “ are effected as 
completely as in ordinary chemical analysis, always provided 
that if such a mechanical operation as filtration is involved, there 
must always bo sumcient (luantity of matter to form a filterable 
precipitate. Under such conditions it is always found, for 
example, that polonium is completely priKjipitoted in acid 
solution by sulphuretted hydrogen. Ionium is not so prc^ipi- 
teted but is by ammonia, whilst radium is precipitated by 
neither reagent, but is completely by sulphuric imid. So that, 
in presence of prccipitoblo quantities of any of the membera of 
thiie three analytical groups, the complete separation of these 
three radio-elements, chosen as examples, from one another is 
as easy with absolutely unweighablo quantities as ordinary 
analysis. Going further, it is equally possible to show that 
polonium resembles bismuth more nearly than any other of the 
metals of Group 2, but does not resemble it absolutely, and is in 

• The Ckemitiry of the Radio-EUments (Longmans, Groon &. Co.) 
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fact a now type of chemical element, though it has never yet 
been oblained in quantity sufficient to be worked with, apart 
from inactive material to serve as a vehicle for its transport. 
Similarly, radium resembles barium more nearly than it does any 
other metal of Group 4, but does not resemble it absolutely, 
and is, in fact, another new type of chemical element.’' 

“Lastly, ionium not only resembles thorium more nearly than 
any other member of Group 4, but is found to be chemically 
identical in properties with it. Ionium, in presence of sufficient 
thorium to act as a vehicle, may in quantities, however infini- 
te.sirnal, be completely and simply sej)arated from any mixture 
containing any or every known element, by the simple device 
of separating the thorium therefrom by known methods. Ionium 
is a new rurfm-element, but is not a new chemical type of clement. 
This is a new conception. In every detail of its radio-active 
properties, the velocity of range of its a-rays, its period of change, 
the character of its product and of its parent, ionium is distinct 
and different from every other radio-clement. But in its chem¬ 
ical nature it is not new. On account of its identity in this 
respect, with the dement thorium, every detail of its chemical 
nature is known " by proxy ” as completely as though it were 
obtainable, like thorium, by the ton. Ionium cannot be obtained 
“ radio-chcmically pure ” on account of its long period and 

the presence of thorium in all minerals from which it may bo 
obtained.” 

Heie, then, are two elements, ionium and thorium, which 

appear chemically inseparable, and yet possess a different 

atomic weight. Other such cases arc on record. Radium D, 

or radio-lead (210), is one of the degradation products of radium. 

It has its own radio-active properties, but from the chemical 

point of view its properties are indistinguishable from those of 

ordinary lead. In 1917 Richards and Hall subjected a sample 

of Australian carnotite, containing lead and radium H, to a 

searching investigation. The lead extracted from this mineral 

was known to contain radium D ; but although lead made from 

this source was subjected to over 1,000 re-crystaUisations, no 

measurable change in the atomic weight of the lead resulted. 

For the explanation of this result we must turn to the Periodic 
Law. 

The expulsion of an alpha ray carrying two positive charges 
has been sho^m by Soddy and Fajana to shift the position of the 
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radio-active element two groups towards the left, M that the new 
radio-active element not only has an atomie weight of four units 
less than its parent, but its properties wiU bo such as “ne would 
expect from an element lying in a group two spaces ^ the lert 
of the parent element. Furthermore, the expulsion of the beta 
particle produces a shift of one place to the right. Given the 
Lsition of the parent element in the Periodic lab e and the 
^pe of rays thrown out where disintegration occurs, d w 

,assign to every rcdio-active element ' ^ nf 

Periodic System. This has been done in Table 56, a method of 

arrangement first put forward by Soddy. 

With this arrangement wo see that different radio-^tivo 

elements with different atomic weights, derived from different 
parents and yielding different disintegration products fall into 
the same posffion in the Periodic System. Into each 
there is fitted not a single chemi^ element, but » 
chemical tvve all tlie elements of the same typo occupj ing the 
same place ta the Periodic classification and exhibiting 
chemiLl properties. Such elements are known as Isotopes 

SaminaU^rorrahl’e 66 shows that the 
the disintegration both of uranium and thorium falls into Group 
4 b under^lead. Such end products would be chcmicaUy 
inseparable from ordinary lead. During the ^mtapation 
of uranium (atomie weight=238) eight alpha particte (charged 
helium atoms) are expelled. Neglecting the negligible lo^ of 
weight due to the expulsion of five beta particles, the atomic 
weight of the end product should be 238—(4 X 8)--206. In le 
sanfe way thorium which expels six alpha particles during its 
disintegration, should give rUo to an end proiluct with an atomic 

j I f .I'la_(0x41=208. Ordinary lead has an atomic weight of 

The itw held at the present time U that lead, meek e. toe 
know it. is a mixture of two isotopes, the end 

the degradation of uranium and thorium. A brilliant confir- 
mation^of this hypothesis was carried out by Soddy. The 
mtarral thorita coLins 67 per cent, thorium, 1 ^r cent, 
uranium and 0-4 per cent. lead. If all the lead is of radio-active 
onZ ts stable, and is derived from both parents (thorium and 
urfnitlm) by radio-active disintegration 

aW, then^5.5 per cent, of the lei^ found “ “ f ouM 
consist of the isotope from thorium (atomic weight-208), and 
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4-5 per cent, of the isotope from urani\im. from which tlic atomic 
weiglit of lead may bo calculated. This gives the value 20i 0. 
An accurate atomic weight determination of lead gave the value 
207*77 as the mean of eight concordant determinations. Again, 
from a verj' i)ure pitchblende which contained very little thorium 
but a great deal of uranium, a sample of lea<l, in every way 
indistinguishable from onlinary lead, was separated, which gave 

an atomic weight 20G 040. , ,, , . j 

Strong support to the views of Soddy, should such be needed, 

is afforded by the brilliant experiments of Aston. This investi¬ 
gator has used a purely physical method of analysis known as 
the positive ray method. The cathode B (Fig. 143) of a vacuum 
tube is pierced with a fuimel-like depression, the hole being 
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continued througl. a brass tube into the camera G. The posi- 
tivo rays emitted by the anode D pass normally as a fine beam 
through this capillary, producing a spot upon the plate B. It 
is however possible to bring about a deviation in the position 
of this spot, either by creating a magnetic field by means of 
the powerful electromagnet M or an electric field by means 
of raising the insulated plates P to any desired potential. If 
an electric field of strength X is applied, a particle of 
charge e and velocity v, will undergo a definite deflection x 
where a: = k^.{Xe/mv^). A magnetic field will also bring about 
a deflection y, of such a moving particle, but in a direction 
at right angles to that produced by the electric field, where 
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y = k^XIIc'mv), Jcx find i'j being constants whose value is 
dependent purely u])on the size and shape of tlie apparatus. 
The two fields acting together will cause the given particle to 
strike ll»e screen at some point dependent upon the strength 
of the fields and the velocity of the particle—to be precise, at the 
point (x, rj) where y x is a measure of the velocity of the particle 
and 7/2 y. jjj ^ meastire of the ratio m/e. A beam of positive 
rays of constant mass moving with different velocities will, under 
constant magnetic and electric fields, produce a parabola upon 
the plate H. From an analysis of the parabola it is possible to 
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Fio. 144. rnOTOORAPns op Typical Positive Ray Parabolas. 

From Isotopes, by Dr. F. W. Aston. 

deduce the mass of the particle. Fig. 144 shows typical posi¬ 
tive ray photographs. By this means Aston has determined 
the mosses of the individual atom of many non-radioactive 
elements with an accuracy of 01 per cent., an extraordinary 
achievement when it is recalled that the total quantity of gas 
in the vacuum tube docs not exceed 00001 gram and onlya very 
minute fraction of this is actually used to produce the spectrum 
Isotopic elements, whether of a radioactive nature or not, have 
been shown to possess identical chemical properties. They 
cannot be separated from each other by any known chemical 
process ; in fact, they behave chemically as the same element. 
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Thus the molecular sohibility of isotopes has been shown experi¬ 
mentally to be identical ; for example, lead nitrate and uramo- 
lead nitrate (the lead being of uranium origin) have similar 
molecular solubilities, viz. 1-7993 and 1-7991 gram moles per 
litre The speetra of isotopes too have been shown to be prac- 

tieally identical. Isotopes do, however, differ in 

which are dependent upon mass, such as density, rate of diffusion 

Though strenuous efforts have been made to separate the 

of chlorine by taking advantage of physical properties, such 

diffusion, which are dependent upon density «<> 

success, such a separation has been claimed for the " 

chloride formed from these two isotopic moiLfications of cUo"™- 

Fractional diffusion through pipeclay has also enabled “I 

separation of neon into its isotopes to be effected, whd.st the 

m!dhod of fractional distillation of mercury has 
evidence of the presence of isotopes in this element In the 
light of these results no reasonable doubt, cither of the theory 
of isotopes, or of the raaio-active origin of lea<l, remains. 

Amongst the commonly occurring elements which Aston and 
others have shown to consist of two or more isotopes of si ght y 
different atomic weight may be mentioned boron, sulphur, 
chlorine, magnesium, silicon, zinc, lead, tin, silver, j 

argon, tellurium, nickel, potassium. A delicate spectrum method 
has also revealed that nitrogen, carbon and oxygen all posses 
isotopic mollifications. Oxygen, for example, contains traces 
of two isotopes of atomic weight 17 and 18, but fortunately in 
too small a cpiantity to involve any sigmheant e-liangc in the 

accepted ratio of the chemical atomic 

hydrogen. An isotoiiic form of hydrogen (^-W— 

bLn isolated by the electrolysis of water, the heavy hydrogen 

graduaHy concentrating in the residual liquid Ordinary I'y^rogen 

Lntains the heavy isotoi>e to the extent of one part m 6,^^ 

It U inU-rcsting to note that the three outstanding exceptions 
It 18 inw-rtHimg P^Ni Tc—1) all receive an 

in the Pencxlic Law (A—K., U) ini, a ; 

adequate explanation in that at least one element ^ 

conUins an isotope in sufficient quantity to influeiito ^ts atomic 

weight materially, e.g. argon contains 

to raise the 30 isotope to an atomic weight 39 J4, sligl y 

that of potassium 39‘10. « Aofnn'fl 

Another interesting and vitally important of Asten s 

work is the fact that tho atomic weights of all the pc 
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winch he lias mvvMv^ntod an- represented witiiin the limits 
of expen,nental error by wliolc numl,ers. 

Th.. atmnic weight possessed by eldori.ie (35-40) 

„ -!-> and 3i in -sneli jiroportions that tlie resultant atomic 

ueight ts represented by the value at present used by the chemist 
.i|-4b. there seems little doubt in the minds of the progrLTvo 
.hennsts of the day that the old Proutian hvpothLs^of the 
common origin of matter has eome back to life.^ Our ideas on 

O l ux in this connection the writer cannot do better than 
(note the suggestive words of Prof E. C. C. Baly (1914) • “As 

of /rdlr ' of P^«-Avogadro days, so also does the ehemh^ 

ordhml ^ tgeneralisation which shall co- 

Rall o acHv t fo'"''* "ow philosophy. 

integration ' ftomi' and oxygen, atomic dis- 

mt gration, atomic weight variation, all will be unified and 

embodied m the new philosophy of the twentieth century Then 

frmn tl ‘"'l ‘f" g''‘'«t‘'>' meaning emerge as a phmnix 

le g owing parental fires of the many chemistries of to-day.’ 

The Structhre of the Ato.m 

yiehl"?i'to Bm n of the atom has 

W„. ;T 7 "m *>ota particle can find its 

upon he",dd r *" ^''''mmnt to cast doubt 

aignitiea ice av'‘"l'"'’ 7‘ extraordinary 

sigMihcanc Iiavc bt-eii gleaned from the study of tlie beta ravs 

velolv wUh thnt"'f i- °f ‘'mm comparable ht 

in their sneed a " sliow a definite variation 

m their speed, a variation which has enabled the physicist to 

deduce the startling result that the mass of a chargerZic e 
v<docity with that of light, vary wRh the 

the exiltenI?o wo ;^: ^^^ appears unnecessary to postulate 

^ of ma.ss when one is sufficient All 

ass IS now assumed to be of electromagnetic orighi in ahor 
ne^; vT elLtr it?‘ not7""“' 

mai ne in lie I th dependent upon the 

ar^arra^sed as w^f" “nd negative electricity 

arranged as wcU as upon their number. The unit of posb 
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tive electricity, the proton, is the hydrogen atom carrying a posi¬ 
tive charge or what is known as the hydrogen nucleus Ihis 
repres^uits the smallest (piantity of positive electricity whic h it 
has been possible to shake out of the atoms ot any chemical 
element. The unit of negative electricity is the electron or 
beta particle. The manner in which electrons may be shaken 
out of the atoms of ineUils when under intense bombardment 
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By i**riuK-<lofi of Ihc CamiTl.luc Ii.slrucnent (o. 


Fio. 110. 


l-l.M.-'.. 

by means of X-rays, the eximUion of U.eso parlieles t>y nulm- 
aetivc .natU r, the part played by el.-etrons ... spe. tn. ..II these 
pb.-..on.ena lead to the .supposition tl.at the atoms “ 

must cont..i.. eleetro..,s as part of their f.d.r.e^ ^‘‘I'' ‘ 

at present is that the n.ass of the ..to... ar.ses fro... the ..ucU us, 
a highly eoncentraU'd positive .d.arge. The .nterest...g id.oto- 
graphs taken by the method devis...l by Prob-ssor C, 1. It. 
Wilson and showing tracks of u-part.eles stro..gly support s... 
a view (Figs. 145 and I4<i). 
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Hu. siul, ™ , 1,0 .l.rooli,,,, of ,|,o „|p|,„ rav (Fiu Mfi) 

■S hH,l l,y H,„l,o..f„nl ,o l,o ,l„o ,o ,l,.s posit.volv char J, nr . I 
l.avn.K co,„o ,v„hi„ ,1,0 a,,hero of „.M,.o„oo of ,l,o hi.'l.U- eel 
ui,ratnl [,on,.vo oharyo for.,ii„p- ,|,o n„olo,.,s of ,l,o 7,0,n and 
lunoo ,1,0 sn.hlon ohanyu- ,„ ,|,o dirocion of ,l,o rav I{,„l,or 7 rd 
"as ,1,0,1 lo,l to ,,os,„lato ,l,o a,o,„ as a positivolv oharEod 
nnolons s„rre„„lo,l l,y oonoo,„r.o n„«s of olootrons.' " 

of ov, a"'l Chadwick pnhlishod for,her results 

,'l xtron.o s,K„.„oa,.oo w.tl, regard to «,„„„o strnotnro The 
uthod ol attack,,,g ,1,0 prohlorn was l,v honibar.linu ,l,e ato,n 
-< «.r.a,., hght Olcnonts will, ,l.o swif >7 moving alpha .nrtl:!:: 



I'f!. HT, |•HOT<K.•K,Vl•H OK n U . v 

OK Xrf ,.K,s ..n Kxn:^.ox 

llie trnrk show jiic' t)io 4lli.riifi( <. i i ^ 

allmni,z;’ji::;,:i:;:r e:r' t"' 

oxy^^oii liavc boon sliatt’rrod •‘sulphur, and 

to tho expulsion of . >>' these minute projectiles, leading 

«trates this U7 demoiP 

to'it'rnSr'llf of-partides leads 

particles or^.r'i" T.r"'T 

^ud';h" 

and neutrons, whilst opinio.orsomemr: rdll“‘^rthc;: 
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a-particles are present as a fundamental constituent of the 
nucleus or are produced from protons and neutrons duritig nuclear 
disturbance. The excess positive charge on the nucleus is, of 
course, neutralised by the outer orbital electrons, wliich arc 
exactly equal in number to the net positive charge on the nucleus. 
Chemical and physical properties, such as ionisiition, i.e. the gain 
or loss of electrons, are due to disturbance of the outer orbiUl 
electrons ; the production of spectra is held to arise from a 
shift of an electron from a deep-seated orbit to an outer ; whilst 
radioactive phenomena, such as the emission of beta rays, imply 
a disturbance of the nucleus itself. 

Atomic Numbers.—The fabric of the atom appears therefore 
to be essentially of a threefold nature, neutrons, liydrogon 
nuclei (which carry a positive charge), and negatively charged 
electrons. The net positive charge of the nucleus, i.e. the 
difference between the total positive charge and tlie negative 
charge of the embeddixl electrons, now knowm as the atomic 
number, has become of extreme interest and importance to the 
chemist. By means of a delicate X-ray spectroscopic methotl 
Moseley succeeded in determining this net charge on the nucleus, 
and it proved to be identical with the number of the position 
occupied by the element in the Periodic Table, e.g. H 1, lie 2, 
Li 3, etc. Moseley has shown that the atomic lunnber of the 
heaviest known element, uranium, is 92, so that there can bo 
but 92 chemical types from hydrogen to uranium, each one 
fitting into a space of the Periodic Table. Of these probably 
90 are <lefinitely known, one of the most recent to be discovered 
being hafnium (A.W. 178-6). This element, the existence of 
which wa.s first clearly demonstrated by the X-raj' methods of 
analysis, fills the vacant place 72, and proves to be an analogue 
of zirconium. The discovery of two others was announced in 
1925, namely Masuriuin, atomic number 42, and Rhenium, 
atomic number 75, both of these being analogues of manganese. 
More recently (1926) the discovery of the rare-earth illinium 
(A.N. 61) was announced, the source in this case being monazito 
sand. In all these cases the determination of the atomic number 
of the new clement has been used as affording conclusive proof 

of the separation of the new element. 

It is of considerable importance to note that the atomic 
numbers of tellurium and iodine are 52 and 53 respectively. 
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Hr- <l,s<.r..pa.u-v in the atomic weights (p. 204) is satisfactorilv 
explained by the discovery of the isotopes of tellnrii.ni (A W 

,il» 1 - 0 ). file determination of the atomic nnmhers of argon 
(18) and potassium (1!)), iron (20), cobalt (27) and nickel (Og) 
again eoiihrms the ehenii.st in ela.ssifying these elements in the 
Iiositions long assigned to them in the Periodic Talile The 
d,,scre,„uiey in atomic weights of these elements has ahso been 
shown by Astoti to arise from the .iresence of isotojies in so^ 
o the elements eoncerned. The accuracy with which the 
atomic mimher may be determined, even though the amount at 
.and IS small in .(iiantity, the ease with which it is now possible 
to determine whether a sii,,pose<l element is a new substance 
or a mi.xtiire of two or more elements, has conferred on the atomic 
nnmlier an importance and significance rivalling that of the 
atomic weigh , though perhaps its greatest service to the chemist 
JS to endow the Periodic Law with all the attributes of a Law of 
l^ature. It has ceased to be merely a convenient method of 
ilasMlieatmn and has become a detinite e.vpres.sion of the inner 
nio.st .structure of the atom of the chemical elements. 

Arrangement of the Electrons and Valence.— Stress has 

already been laid iiiion the inlluenec e.x-erted on chemical pheno¬ 
mena by the electrons surrounding the nucleus, and it fs now 

propo.sed to correlate such properties as valence with the orbital 
arrangements of the electrons. 

No theory of electron struetiire can be complete which does 

rtabii’ftv ;; ‘•■'-Planation of the remirkable chemical 

sta Ihty of the inert gases (Ciroup 0). The atoniie members 

of these ga.ses are He 2, Ne 10, A IS, Kr 30, Xe 54 There is 

nueh evidence to .Mipport the view that the outer ring in all 

hero lu-lium is .nacle of eight electrons, and 

tlurc IS Iitt o doubt that tl.o orbital arrangement of the inert 
gases may be represented thus : 

Helium 2 
Neon 2.8 
Argon 2.8.8 
Krypton 2.8.18.8 
Zenon 2.8.18.18.8. 

The chem.eal stability of these elements appears definitely 
to be associated with this outer octet ring. tL Imimts of 
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Group 1 (of valence one) contain one more electron than the 
neighbouring rare gas, and it is believed that this extra electron 
resides in a ring outside the stable octet ring. Thus so<lium 11 
has the arrangement 2.8.1, whilst potassium 19 has the rings 
2.8.8.1. Group 2 possesses 2 electrons in the outermost orbit 
(Ca 20 = 2.8.8.2). Group 7 (the halogens) has 7 in the outer 
ring (chlorine 17 = 2.8.7, bromine 35 = 2.8.18.7). The halogens 
can readily ucejuire the stable octet outer ring by acquiring 
another electron from anv source capable of liberating an electron, 
but by accepting such an electron the atom acquires a negative 
charge, becoming in fact the ion of the element. Sodium, or 
in general the elements of Group 1, have in the outermost ring 
one electron which they are prepared to part with, thus acquiring 
a stable outer ring with one positive charge. The combmaLon 
of potassium (2.8,8.1) and chlorine (2.8.7) to produce potassium 
chloride is thus effected by a release of the odd electron from 
potAssium, forming the potassium ion (2.8.8) and the acquisi¬ 
tion of tliis electron by the chlorine atom which becomes 
Cl~(2 8 8) The attraction of these opposite charges results in 
the creation of potassium chloride which even in tiie crptal 
state remains ionised but yet neutral in character. ' 

bond of this type is known as an tketrovahni or polar link, and 
where the linkage is of this kind, solution in such a solvent as 
water produces an electrolyte. In a similar way the formation 
of calcium bromiile from calcium and bromine atoms results 
from each calcium atom losing two electrons and becoming Ca , 
whilst each of two bromine atoms acquires an txtra electron 
in order to complete their outer octet ring, and two bromine 
ions result. Cases of elcctrovalcnt linkage are very common in 
inorganic chemistry but much rarer in organic chemistry. On 
this theory the valency of an atom appears to be tlie number ol 
electron^ which it mu.st gain (if a non-metal) or lose (if a meta ) 
in order to have a total number capable of forming a stable 
arrangement. In general such a stable arrangement is the outer 
octet ring, though in some elements such as copper and nickel 
the atomic number is such that a stable arrangement demands 
an outer ring which may contain as many as eighteen electrons. 

(Ni. 28=2.8.16.2. Cu 29=2.8.18.1). 

A second type of linkage known as co^mlence is found in the 

combination of atoms to form molecules, especially, too, m 
organic compounds. The formation of the chlorine niolecu o 
from two atoms is effected by sharing two electrons, one being 
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eontrihuted by each atom. Tl.us, if the electrons round each 
atom are for tlii.s purpose differently designated, the uncombiiied 

atoms wo.d.i be an<l ^ Cl x. The molecule is held together 

X X 

« « XX 

thus: iClj^Cl^. It will be observed that by the sharing of 

two electrons each atom has raise<l its outer ring quota to eight, 
and a neutral molecule, much more stalile than an atom, results. 

A smiilar type of combination is found in such a compound 
as carbon tetrachloride. CCI,. Carboti (Group 4) has an outer 
ring of four electrons, and in order to stabili.se itself strives to 
ncipiire four more. This it does by sharing two electrons with 
each chlorine atom, one contributed by it.self and one by the 

XX 

X Ql X 

chlorine atom concerned. The molecule is thus CM CV (4’^ 

X • X ' X 
XX X• XX 

(The . represents the electrons of carbon, x of chiorined By 
such an exchange of electrons every atom has brought its outer 
ring up to the stable octet. In a similar way phosphorus tri- 
chloride, formed from phosplmrus (A.N. 15 = 2.8.5) and chlorine 

W X/ 


(A.N. 17 — 2,8.7) becomes 


X X 

X Cl X 
X ' ' X 
XX .X XX 

R^CM 


Phosphorus and the 


chlorine atoms have again each built up the outer octet ring, 
n some eases the central element appears capable of building up 
a ring containing more than eight electrons. Such an example is 
aflonled by phosphorus pentaehloride. The extension of the 
pnnciple of sharing electrons to the last two chlorine atoms 
added creates a ring of ten electrons round the phosphorus. 


XX 

xclj 


JC Cl X 


XX 

J CM 


XX 


icix 

XX 


•^X 

xc\5 


the unstable nature of this arrangement being no doubt 
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responsible for the ease with which two chlorine atoms split off 
under the action of heat or of reduced pressure. 

Hydrogen behaves in a rather unique way, at times function¬ 
ing as a metal and again as a non-metal. As a metal it <-^h‘bit3 
the characteristic tendency of a metal to part with it.s ihctron, 
and become a cation, wliilst as a non-metal it tends to acquire 
an electron and become an anion. In hydrocliloric aiul. th^ 

chlorine accepts an electron from hydrogen and H * andj^J Cl J J 

results, but in such a salt as lithium hydride, the lithium donahs 

its outer electron to hydrogen, and the ionised “ 

results, and this, when fused, yichls on electrolysis hjdrogen at 
the anode. Both the above compounds containing " 

are obviously elcetrovalent, but it is nitorestiiig to noU that 


X 

X 


liquid or gaseous hydrogen chloride is covalent H i a 

compound vitally different from the isomeric 
hyrlrochloric acid. Water too conUuiis hydrogen attadnd to 

the oxvizon bv ^ cov’filcnt link. 

A third ty™ of linkage is known as the co-orJn,ale Inik. In 

ca,se.s of thil typ® r’lr'ctrons responsible for the linkagt are 

supplied by the one atom. The formation ot phosphorus oxj- 

chloride from the trichloride serves as an e.sample. 


XX 

X X 

XX XX XX ♦* 

; Cl j F j Cl 5 -f o: 

XX XX XX 


XX 
X /M X 
X X 
XX XX 
X Cl X P X 
X ^ * X ^ X 
XX XX 

! o: 


XX 

CIJ 

XX 


From the point of view of linkage there is little rh^r^.^ 
between the ordinary covalent ‘"'k .‘.VP^ m A + B^A B 
or more 

hnranVZ I-r denotes that A supplies both electrons to form 
the bond. On the simplified scheme above, the oxychloride may 

d 


be represented thus : Cl-P-Cl where the arrow emphasises 

't' 

o 

the co-ordinate oxygen linkage. 
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An interesting example of co-ordinate linkage is afforded by 
the oxy-acids of chlorine. Hydrochloric acid exists as H+ and 

\^ ‘ FSj * hypochlorous acid an oxygen atom is attached 

to the chlorine atom by two electrons donated by the ion, so 

that the hypochlorous ion becomes F' *1 the chlorous ion 


XX 

O 5 


XX 


, the chloric 


X X 

o; 


hilc the 


fully oxidized acid, perchloric, possesses a structure in which three 
of the four oxygen atoms are connected by co-ordinate links to the 
chlorine atoms. Note that the first atom of oxygen is held by 
an electron from the original outer ring of the chlorine and the 
electron supplied by the hydrogen when it forms an ion. 


XX 

X () X 
X X 

XX •• XX 

J o: Cl: o 5 

XX •X XX 
X o X 
X X 
XX 


written more conveniently thus : 


—>0 


A somewhat similar position arises in the case of the sulphur 
oxy-acids. Liquid hyclrogen sulphide is a covalent compound. 

^ X ^ X whilst in solution the weak acid, so far as it ionises, 


has the structure 2H++ S The ions of sulphurous 

and sulphuric acids become respectively 
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or 



Ions of the type CIO,-. SO,", PO,-. undoubtedly owe their 
OTcat sUbility to the fact that all the electrons present in the 
octet of tlie central atom arc fully occupied in linking the attached 
oxygen atoms and are consequently not available for other 

reactions, as is the case in ClOj , etc. 

The great contribution of the electronic theory of valence lies 
in the physical explanation which it provides for the varied 
tyws of chemical attachment of atoms. The numerical value 
of the valence indicatc<l in the older structural formulaj is the 
same as that required under the newer theory, if one understands 
by valence the number of electrons which the element under 
consideration actually contributes to the linkage. 

In hypochlorous acid the first oxygen atom is attache^ by 
two electrons, one loaned by the chlorine and one originally 
supplied by the hydrogen ion. The chlorine is thus monovalent 
as in the old formula H—O—Cl. In chlorous acid the sccontl 
oxvKcn is attached by two electrons supplied by chlorine, anil 
thrvalencc rises to three (cf. H-0-Cl=0), whilst in the pro- 
chloric ion the last pair of electrons available in the cldonnc 
octet are supplied to the fourth oxygen atom, and the valence 


becomes seven 



H_0—C1=0 

\o 


The new theory of electronic valence has cleared away many 
difficulties of the past. A satisfactory explanation has been 
forthcoming of the essentially electrostatic nature of the linkage 
in ionizablc comiiounds, and of the non-polar linkage manifest 
in the vast majority of organic compounds. Useful service hiw 
also been rendered by the explanation afforded of certain interest, 
ing cases of isomorphism, o.g. sodium fluoride and «»agn«sium 
oxide, calcium chloride and potassium sulphide. Sodium (2.8 1) 
and fluorine (2.7) become on combination Na+F^^ , whilst 

magnesium (2.8.2) and oxygen (2.6) give ^ 

two compounds the olectronio arrangement is precisely the same. 


;?!NAQAR- 
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-isos, c.loi,.,., ra..V,rar,:t,„: “ 

. ... Ki«' 1 ;\Seed,o.„n 2 K ,l H s ,) ^ 

'o'»l 

'■'l•-l'■ato explanation in the sym notrv f H '"><•» an 

tion of the electrons withcit the mieleus 

of sodium 

of a .small crystal of sodium acetate introduction 

phenomenon. The rapid hiit re I ’ a very beautiful 

like net of ..ry.stal.s .rprl,s 1;®“',“'' fairv- 

moment of inception lias long befn^viewed Ts"!" ^™'’’ 

.some great law of Nature which is or. n expression of 

s.vmmetry displayed by a large perfect on" tal "f"'’”""'''''' 

eipially perfect symmetry pLessed bv'It ^ 

tids substance. Manv viow« » i ^ ^minutest crystal of 

for the orderly arrangement oTthe forward to account 

Imt it is only\yi.hi„“ar:tiy:;":';:f^ ^ 
light was thrown upon this subject ^ ‘ 

"•ethod, the tlumr; of^dd.;' will"; 

standard textbook on Optics, is bised upon tb 

tion grating. This consists of „ ' a diffrac- 

of fine ])nrallcl lines ilrawn so do"- ? 'T'’* innumerable number 

10,(.00 lines are .t ^ t "sT 

fectly satisfactory for ordinary -i^hri^ye^.-'k-erw fa'^C 
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held for some years that X-rays differ from onlinary light rays 
merely in the shortness of their wave length, and that an X-ray 
spectrum could he obtained if it were iwssihle to obtain a sufii- 
eiently fine grating. Theory has predicted the impossibility of 
ruling such a grating, but IVof. Lane (1912) conceived the idea 
that the regular grouping of the atoms witliin a crystal might 
provide such a grating. His idea was put to the test in 1913 

with the apparatus shown in Fig. 148. 

F represents an X-ray tube. A, H and C are screens which are 
used in onh^r to obtain a fine pencil of X-niys. These impinge 
upon the crystal X. .S’ is a sighting screen, P a photograi.hic 
plate inserted after the adjustment has been made. On develop¬ 
ing the plate it was found that, be.sides the central black patch 
given by the rays which had passed straight through the cry.stal, 
a symmetrical pattern of spots, as predicted by I^vue, was found. 

The subject was carried further by W. L. Bragg, who utilised 
this idea, as a means of delving down into the interior mec hanism 
of a crystal. We know that the intensity with which X-rays 
are reflected from an atom is a function of the numljer of electrons 
within it, and therefore of its atomic weight. Bragg obtained an 
X-ray spectrum for sylvine (KCl) and sodium chloride, and found 
that the relk ction from the potassium (39 0) and chlorine (flo o) 


atoms was practically iiidi.stin- 
guishable, but in tlie (yise of 
sodium chloride a di.stinct 
difference is seen in his photo¬ 
graphs according to whether 
reflection has taken place at 
the heavy or the light atom. 

He found that all the results 
could be accounted for by 
assigning to both crystals the 
structure indicated in I'ig. 149, 
the metallic atoms being repre¬ 
sented by dots, tho chlorine 
atoms by circles. In the case 
of sylvine the dots and circles 
become indistinguishable. At 
first it apiK^urud that tlio reg.U..rity of 

from tho regular arrangement of the molceulea of the ^It ut 
of tho constituent atoms. More recent work has shown that 
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are in fact ions (see p. 
«- ). So far as tlie crystal form is concerned, any particular 
Mxlnini ion is equally situated with respect to six different chlorine 
>ons: the purely chemical co-ordination of atoms within the 
na.leeule has f^iven place to a method of arrangement demanded 
lor the purpose of crystallisation which is govenied by the laws 
o plnsics llus method of investigation in the'hands of 
ragg and otliers has already thrown most valuable light 
upon tlie crystal structure of many of the elements and their 

compounds, among them the diamond zinc blende, copper 
calcium fluoride, etc. 
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— boric, 604, 507 

— bromic, 185 

— carbonic, 353 

_ chlorauric, 618 

_ chloric, 180 

_ chlorochromic, fllO 

— chloroplnlinic, 050 

_ ciilorooulpburic, 240 

_ chlorous, 183 

— chromic, 005 
cyanic, 378 

_ disulphuric, 240 

dithionic, 250 
^ fcrricyonic, 038 

— lorrocyanic, 485 
^ formic, 374 

— hydnixoic, 283 
. hydrio<lic, 163 

— hydrobromic, 103 

_ hydrochloric, 164 

_ hydrocyanic, 378 

~ hydrofluoborio, 600 
_ hydrofluoric, 171 

hydrofluosilicic, 301 

— hypoantinionic, 342 

ZKh“u^ .75. 2.0:,^.ion 

oUin blooching. .77 ; m oxhUmok 
oKfot, 177; tliormochoroisiry ol, 

184 

—— hypoiodous, 186 

— hyponitrous, 3|>3 

— hypophosphoric, 325 

— hypophoaphorous* 324 
^ iiypoaulphuroui, 248 
_ i<^ic, 186 

manganic, 019 

— mota, 187 ^ 

» mota-phoaphonc^ 321 
~ muriatio, l64 


Acid, nitric. 287 : action on motal,. 295; 
decomposition of. ^92 : fvin^g. 
292: manufacture, i»u, 

oxidising action of, 292 

— nitrosylsulphuric, 242 

— nitrous, 298 

— ortho, 187 

— ortho*pho:tphoric, 319 

— anmic, 046 
oxalic, 375 

— penlalhionic, 250 
perchloric, 183 

— perchromic, Oil 

— pordc^ic, 187 

_ permanganic, 020 

— peroxidic, 100 

rlSHSr’MSt tn... 

ortho., 310; pyro-. 320; teats 
lor. 322 

phosphorous, 323 

— picric, 293 
_ plumbic, 688 

plumbous, 588 
_ polythionic, 250 

— prussic, 378 

T pyxophosphoric, 320 
” pyrosulphuric, 240 
_ soicnic, 251 
sclonious, 261 
_ silicic, 394 

— stannic, 580; «, 680 ; 687 

—^ stannous, 584 

— stearic, 376 

— .ulphuric, 238 ; chaml^r procou, 

•’30 : oon*titution, 245 : contact 
proccas, 238 ; fuming, 245 i pfO- 
pertics, 243 
sulphurous, 233, *34 

— tolfuric, 261 
—r tellurous, 261 

— totrathionic, 250 
^ thiocarbonic, 302 

— thiosuJphuric, 248 

— trithionic, 250 

— xanthoproteic, 295 ^ 

Acids, action on metals, 437 , on 

sulphides, 223, 434 
^ dissociation of, 425 
ionisation of, 425 

— properties of, 436 

— strength of, 438 
Aoiditnotry, soo titration 
Adsorption# 348 

681 
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Affinity, chornirnl IT' • yv • 

Air. n mixturo. ju. !;%' 202 

— J'ornposjiioii. 2.,!r 

— fiqm-facfioti. 273 

Alabnsfor. .537 
Alcohol. 373 

— fifiyl. 373 
•r- niofhyl. 373 


Aliphatic hydrocarbons. 377 

•'>lKah. 57, 467 

- Hinrtionin-sodn proces.s. 477 

^icnrbonatos^ 47y 

— carbonates, 47.5 

— -*71 
Le lilarics process. 470 

■— Sioivny proci>s.s. 477 

A kn irnetry. soo titration 

AlkaJino earths 5*^1 • rn*. *i t 

ships. 521 ’ ^ relation. 

AMotropcs. 19.5 

Alpha rays, 657.069 

Aliimirmft^s, 572 

Aluminium. 569 

— ncofnte, 576 

— bronze, 57o 

— enrbide. 367. 575 

— chloride, 573 

— hnlido.s. 573 

— hydroxide. 571 

— nitride. 575 

— oxide, 571 

— s'llphnte. 574 
enlphi.le, 575 

Alunito^ 575 
Atn/itc(un, 656 
Amethyst, 393 
Amides, 280 
Ammonia, 278 

— composition, 280 

^04. 5.3. 

— 277 

soda process, 477 
~~ synthetic. 279 
Ammonium ninaiRnm. 49 . 

— bicarbonate. 477. 493 

— bromide, 493 

— carbamate, 494 
Carbonate, 493 

— chloride, 492 

— cyanote, 361. 486 
hydroaulphide. 494 

— hydroxide. 444. 493 6‘'4 

— iodide, 492 ' * 

— molybdate. 611 
^ nitrate, 493 

— nitrite, 493 

— phosphotes, 495 

— salts. 282 

— sulphatew. 494 i 

— sulphides, 494 ^ 


202 Ammonium thiocyanate. 488 
~ thiosalts 343. 587 

Amorphous suhstancos. II7 017 
Amphorenc electroivu:,. 444 
oxides and hydroxides. 334 

A;m7a.sn97" 3*6 

AnKlosife, 689 
Anhydride, 57 
Anhydrite. 141 
Anions. 411 
Anode, 41 j 
Antichlor, 232. 250 
Antimonates. 341 
Antimonites. 339 
Antimony, 3 -»k 

'• - Clol™;’!,'',;;"’-*'''""-'■»"». 330 

•— bloom, 328 

— halides, 332 
^ lO'drido. 331 

— ochre, 328 
pentoxide, 3.36. 340 
«Hulp/iid<v3, 342 

^ totroxido, 341 
trioxide. 334. 338 
Apatite, 305. 526 
Aquo rcRia. 293 

Aqueous vapour pressure 94 98 

AniKOiiite. 118, 528 ’ ® 

Argon. 275 

Aromatic hy.Irocarbons 377 
Arsenates, 340 
Arsenic. 328 

mo 

^ hydrides, 331 

pentoxide. 336, 340 
— sulphides, 342 
trioxido. 336. 337 

Arsenical iron, 328; pyrites 32S 
Arsenites. 338 pyruos, jja 

Arsenolite. 328 
Arsine, 331 
Asbestos, 623 
^phalt, 366 
Aston, 665 
Atmosphere, 269 
" 'tnpuritics in, 270, 272 
~ pressure of, 61 
Atom, properties of. 136 

— structure of, 60« 

— h?,Tr®™"""’ “M- MO 

— numlMTs, 670 

— structure, 137, G68 

— thtwry, 135 

129*^*^133".** ^heir determination, 
ilt of V31 263! 

weight^. 35, 130''*’'^'“ combining 
Auratos* 518 
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Avopadro’^ hypothesis, 122 
A^idc1^« 284 
Azurilc, 409 

Baking sopa, 480 
Balanced reactjona, 200 
Barium, 526 

— carbonate, 528 

— chlorate, 539 

— chloride, 636 

— halides, 536 

— hydrides, 627 

— hydroxide, 521, 630 

— nitride, 627 

— oxides, 620 

— peroxide, 633 

— sulphate, 638 

— sulphide, 639 

BaryU«. 214, 626 
Bases, 60, 440 ^ ^ 

— stren^h and dissociation, 441 

Basic oxide, 67 
salts, 01 

Basicity of acids, 00, 443 
Bauxite, 609 

— purification of, 672 
Bccqutrel rays, 655 
Benxeno, 377 
Benzine, 366 

Beryl, 397 
Beryllium, 622 
Berzelius, 26, 28 
Beasemer process, 629 
Beta rays, 667 
Bicarbonate^, 3,64, 630 
Birkcland Eydo process, 291 
BischoflSte, 623 
Bismuth, 328 
~ glsnco, 320, 342 

— nalidea, 332 

— ochre, 320 
~ oxide, 334 

— pentoxido, 341 
salts, 330 

^ subi^ide, 342 

— 6u)>oxido, 342 
~ teiroxido, 34 1 
^ trioxide, 330 
Black ash, 470 
Black load, 348 
Blast fumaco, 620 
Bleaching, 177 

powder, 178 
Blue vitriol, 606 
Boiler scale, 632 
Boiling point, 406 
—* ^ elevation of, 400 
Bono ash, 306, 340 
Boraciio, 664 
Boraxi 604, 608 
Borides, 605 
Borocalcite, 664 
Ikiron, 664 
— carbide, 660 


Boron halides. 668 
_ hydri<los, 566 
^ nitndcs. 565 
oxide, 607 
— phosphate, 567 
Boronairocalcite. 604 
Bovic's law, 01, 66 
BriUs, 602 
BrauniUs 013 
Brin's oxygen proecas, 50 
Britannia inctal, 583 
Bromates, 186 
Bromides, 166 
Bromine, 168 

— dissociation of, 18- 

— physical properties of, 180 
preparation, 159 

Brookite, 697 
Bronze, 683 

Brownian movement, 71 
Bunsen burner, 382 

— flame, 382 
Butane, 364 


CADMirM, 547, 649 

— ammonia compounds, 651 

carbonate, 662 
halid<«* 661 
^ oxide, 551 

_ separation from copper, 663 

— sulphate, 662 

— sulphide, 653 
Caesium, 491 
Calamine, 547 
Calcination of metals, 6 

Calcitc, 628 
Calcium, 526 

— bicarbonate, 630 

— carbide, 389, 644 
_ carbonate, 628 

— chloruto, 182, 539 

— chloride. 634 

— • cyananiidc, 278. 645 
_ lialidoA, 634. 637 

— hydride, 627 
_ hydroxide, 628 

— nitride, 627 

— oxalate, 641 

_solution in ocids, 5U 

— oxide, 628 
peroxide, 634 

— pho-pl.Blo. MO 
phosphide, 3iJ 

_ .ilic«t«s. 041 

— Bulphato, 637 

— aulptiido, 640 , 

Colculaliona, chonucal 43. 4ft 
Colomol. 600 

Caloric, 20 
ColoriBo power, 371 

Cal*. 0 
Carbidca. 360 
Carbon. 346 

— amorphous, 318 
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Car^n conipoiin«ls. i.«oinenVm of. .^64 
dioxide. S.'S! ; iv<sunilalion of, 355 - 

in Cl o- 1 • wv p 


*n air* 27 J 
•— disulphide. 3f>2 

— >nodificn(ions. 34$ 

— nionoxidc, 356 

— oxysulphiile. 362 
— Biihoxide, 358 

— tetrachloride, 368 
Carbonates. 3">4 
Carbonyl chlori.le, 301 

— sulphide. 362 
Carbonyls, 358 
Carboninduni. 392 
Carnallite, Ul. 457 . 523 

Camotifo, 612 

Coasiterito, 682 
Costner's proce-ss, 468 
Catolysis. 68 , 79, 180, 236 
Cathode, 41 1 

— rays, 653 

— ttibe. 653 
Cations, 411 

Cavendish. 276 
Celestine, 520 
Coll. 461. 463 
— Daniell. 461 
■— Griesheitn, 472 
■— Solvay, 472 
Cement. 633 
Cerito. 603, 597 
Cerium, 663. .597 
Ceniftsite. 118. 689 
Chain linking. 188. 198. 363 
Chaleonto. 499 
Chalcopvrito, 499 
Chalk, .5’28 

Chamber acid prorcvss, 239 
Chance procc-ss, 477 
Charles* law. 03, 65 
Chorroal. 348, 349 
•— bone, 305. 349 

— M-ood, 348 
Chemical change, 12, 37 

— combination. 18 
compotmds and mixtures. 38 

—- docomposition, 19 
displacement, 18 

— 44 ; their eignifleanoo. 

4B, 137; equilibria, 200 ond 

concentration. 203 ; preasuro. 204 • 

206 ; displacement of! 
203, 204. 206, 207 ; hetorogenoous, 
■ill; reactions, modos of. 18- 
epeed of, 201 * 

— substitution, 18 
Chemistry, definition of, 4 

— and physics, distinction botwoon, 8 
Chih saltpetre. 159 

China clay, 674 
Chlorates, 181, 480 
Chlorides, 154 

pwparation and general properties. 

I06, 469 


Chlorine, 17. I41 

— chemical properties, 147 

— dioxide. 182 

— hoptoxide. 184 
'— hydrate, 147 

monoxide, 174 
■— preparation of. 141 

— physical properties, 147 
rhloroform, 368. 374 
Chromates. 005 

Chromo alum. 604 

— iron ore. 599 

— ochre. 599 

— steel. COO 
Chromic anhydride, 609 

— chloride. 6(I3 

— nitrate. 605 

— oxide, 602 

— sulphate, 603 
Chromite, 599 
Chromitos, 600 . 601, 002 
Chromium, 699 

— oxides. 600 

— trioxide, 609 
Chromous compounds. G0| 

Chromyl chloride, 010 
Chrysoboryl. 669 
Cinnabar, 2l4, 554 
Clay, 574. 676 
Cloveite. 270 
Coagulation, 113, 395 
Coal, 350 

— gas. 370 
Cobalt, 639 

— complex cyanides, ej** 

— glance, 328. 639 

— sulphide, 641 

Cobnlti nitrito potassium, 642 
Cobaltio oxide and salts. 64*’ 
Cobaltito, 639 
Oohnito-cobnitio oxide. 640 
Cobaltous oxide and salts. 640 
Coke, 348, 371 
Colernanito, 564 

Colloidal solution, 71, 113, 395. 633 

coagulation of, 113, 395 
Columbite, 345 

Combining weight. 32 ; determination 
of, 29 ; difficulties of, 34 
Combustion, 64, 380 

— roversod, 380 

— spontaneous, 66 
Complex salts, 454 

Composition of earth’s crust, 60 
Compounds. 17 

— molecular, 301 

— preparation of, 458 
Concentration, 1 14 
Conductivity. 415 

— equivalent. 423 

— of olectrolyios. 415. 418 
Constant boiling point, aoids of, 163. 

166. 171^ 2y2 

Contoct aotioQ. see catal^is 
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Contact process. 230 
Copper, 497, 499 

_ ammonia compounds, 498, 503, 504 

— blistor, 500 

— complex cyanide, 505 

— compounds, goneral survoy* 60.. 

— hydride, 248, 325 

— matte, 490 

— metallurgy, 499 

— occurrome, 499 

— refining, 501 

— ruby, 409 

_ separation from cadmium, 

— euiphate, 600 

_ — hydration of, 98 
Cordite, 294 

Corrosive sublnnatc, 637 
Conindum, 669 
Coulomb, 419 
Croarn of tartar, 480 
Christobalito, 393 
Critical phenomena, 66 
Crocoiaito, 699 
Cryolite, 476 
Cryetalsp mixed, 118 

— etructiire of, 672 

_ eystom of claasification, 110 
Crystallization, fractional, 11 4 

_ from solution, 11, 73, 114 

Crystallographic systems, UO 
Crystalloids, 305 
Cupellation, 609, 517 
Cupric acetate, 607 

— bromide, 604 

— carbonate, 606 

— chloride, 604 

cyanide, 377, 605 

— hydroxide, 003 
. iodide, 604 

» oxide, 603 

sulphste, 68, 600 
^ sulphide, 50H 
Cuprous brumiile, 608 

— chloride, 608 
~ cyanide, 606 

— iodide, 606 
^ oxide, 607 

sulphate, 507 
~ sulphide, 508 
Current density, 410 
Cyanates, 378 
Cyanides, 378 

— of iron, 637 
Cyanide process, gold, 510 
Cyanogen, 377 

DAhTON, 25, 02, 135 
Davy, 3, 169, 446 
Deacon procoaa, chlorine. 14J 
Decomposition, electrolytic, 464 
Dolinuoscence, 100 * 

Density of gases, riioaauromcnt, 7J. 

_ vapour, ^ 

Deviations from Oas Laws, 65 


Dewar's flask, 274 
DialysU, 394, 633 
Diamond, 347 
Dioaporc, 569 
Dichromot<w* 605 
Diffusion, 82 
— Graham's law of, 83 
Dilution law, OstwaUl'n, 424 
Dimorphic substances, 216 
Discharging potential, 404 
Disintegration of radio-active clomonts, 
638 

Dissociation, 200 

— in solution, 410 

~ of acids, bases, salts, 425 
^ — hydrates, 98 

— pressure, 212 
Distillation, 11 

— destructive, 348, 371 

— froctional, 365 

Distribution between two solvents, 

112 

Dol>eroinor's tria<ls, 255 
Dolomite, 622 
Double salts, 455 
Dulong and Totit's law, 133 
Dyad, 87 
Dyeing, 673 
Dynamite, 294 
D>Tiprosiutn, 664 

Eatitiicnwaiik, 576 
Earth's crust, compontion 60 
Kau do Javol, 176 
Kifloroscence, 08 
Kka-aluminium, 364 
•l>oron, 264 
~ •silicon, 264 
Eloctricol terminology, 

Electric discharge in a gas, 652 

— furnace, 306 
Eloctro-oflinity, 435, 463 
Eloctro-chemical equivalent, 419 
Electrode, potential, 460 
Electrolysis, 415 

— Faraday's laws of, 418 
^ of water, 79, 446 
Electrolytes, 411 

— obnoniuditios of strong, 4*5 

— amphoU'rie, 444, 630, 071 
^ conductivity of, 415 
Electromotive force, 417 

— scries, 403 

Electronegativo olomonts, 4u- 
Electrons, 054 
Electrophoresis, 305 
Electroplating. 405 
Klectrovalenco, 672 
Elements, 16, 060 

— bridge, 239 

— meUllie ond non-mctaUio, 4l 

74 — transmutation of. 668 

_ transition, 260 
Emanation, 069 
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Krnery, 571 

Kndosmosis, oloof rirul, 393 
J'-nor^'y c|jnng<*s, I 3 

— chemical, J 5 

o'- 

Knzyiuos, 352 
Kpsoin suits, G25 
Equations, 44 

— sitfni/icarico of, 44. 137 
i^qiiilihriQ, ionic. 410. 431 
~ hotorogonoous. 211 
Equilibrium, clu-mical. 2 u 0 

— constant, 202 

~ of^ ‘'‘"'ccntration 

204 chances. 

f . ' chuiiccs -‘ufi 

— factors o«oc-ting. 207 

Equivalent solutions, 4'>3 

— weight, 32 

~ conductivity, 423 
Erbium, 564 
Esters, 376 
Etching. 171 
Ethane. 303 
Ethers, 370 
Ethylene. 308 
Evaporation. 72 

kinetic theorv of, 7 ** 

— latent heat of, »4 

KxS;;i'rr“ n“'“' 

Ka^a'A'' *"• 

Felspar. 397, 407 
Fergusonite. 270. 503 
rermontation. 352 
Ferrates, 039 
Forric alum, 037 

— chloride. 036 

— ferrocynnide. 038 

— hydroxide, 035 

— oxide, 635 

— sulphate, 637 

— sulphide. 637 
Forroso.ferric oxide, 637 
rerrous earbonate, 035 

— chloride, 033 

— forricynnido, 638 

— oxide, 633 

— sulphate, 033 

— sulphide. 034 
Fertilisers. 289. 305, 320 
Fire-damp, 307 
Fixation of nitrogen, 290 
Flame, chemistry of, 383. 384 

— luminosity, 38.3. 384, 385 
~ structure of. 381 
Flotation, froth, 549 
Flint. 393 
Fluorine. 109 
Fluorspar, 620 
Flux, 490 


Formulae, 42 

- cl,o.,nc„l, „„d 

— uruphic, 88 

Franklinite. 547 
Frauenhofer's lines. 490 
i-reez.ng point, depri-^sion of 407 
tuhnmate. rnorutirv 55 J ’ ’ 

rusion, latent heat of, 04 

Gadolinite. 503 
Gadolinium. 504 
Gahnite. 509 
Gnlena, 214, 589 
Gallium, 677 
<»alvnnisod iron, 549 
<*amma ravs, 057 
tlarnet, 396 
Garnierite. 043 

thus, coal, 37t) 

kinetic theory of, 08 
■— laws. 61, 03 

— liquefaction of. 08, 273 

— oil. I’lntsch, 301 

— solubility, J lo 
~ tiir, 371 

<5ay Liissnc. 63. 104 
<»erinniiiiiin, 581 
Glance, cobalt, 039 
Glosonte, 483 
Gliuis. 397 
Glauber’s suit, 483 
Glazc>, 570 

SCO 

^ compounds. 517 
■— inetnlhirgv. 510 

— oxides. 51*7 
G’oldsch.nidfs process. 570 
Graham s law of dilTusion. 83 
Gram molecular weight. 120 ; volume. 

Graphite, 347 
Green vitriol. 034 
Grioshoim coll. 47 '» 

Guano, 305 
Guignot’s green. 602 
Guncotton, 294 
Gunpowder, 48‘» 

Gypsum, 141. 214. 626. 637 


Haematite. 025. 633 
iialidos, 158 
HaIito» 141 

Hulogen compounds with each other, 

^ family, 158, 172 
~ hydr-acids. 158 
Halogens valence of. 183 
Hardness of water. 531 
tlaiLsmannite, 013 
Heat of formation, 119 
Helium. 270 
Holinium, 364 
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Homologous scries, 306 
HomoloKUCS, 363 
Horn silver, 50S 
Hydrargj'Uito, C69 
Hydrates, 98 

dissociation of, 93 

— vopour pressure, 98 
Hydrarino, 282 

^ hydrate, 282 

— sulphate, 282 
Hydraroatos, 283 
Hytlridcs, 64 
lIydfoc4%rl)ons, 363 

— sfiturutod, 303 

— ansuturiitod, 309 
Hydrogel, 395 
Hydropen. 78 

— action upon iron oxide, oo, 

— bromide, preparation, 163, 104 
_ chemical propertios, 84 

• - chloride, composition, 156 ; prepar* 
ation, 149; propertiess, 162, 154 

— dLiulphido, 220 
^ equivalent, 85 

— fluoride, 170 

— in Periodic System, 205 

_ iodide, preparation, 103, 164 

— ion, 435, 4 38 

— nascent, 82 

— peroxide, composition, 198; pro* 

jmrntion. 195; propc-rtiw and 
reactions, 196 


— pornulphatc, 247 
~ persulphide, 226 

— phospliidce, 311 

— preparation of. 78 

— properties, physical, 82 

— purification, 81 

_ solubility in palladium, 8* 

— sulphide, preparation, 218; in¬ 

ducing action of, 186, 224, *^5; 
«iso in analysis, 222 

— trisulpiudo, 220 
Hydrogenation of oils, 043 
HydroIysU, 160, 207, 315, 319, 334, 

338, 339, 341, 447 
of metallic httlidiw,207, 460; non* 
fnctalUo halides, 164 
Hydrosol, 394 
Hydrosulphidoa, 221 
Hydroxides, 67, 458 
Uydroxylamino, 284 
Hydroxyl ion, 44U 
Hypo, 240 

Hypochloriioa, 178, 178 
Hypophosphitos, 324 
Hyposulphite, 249 
Hypothesis, 4 
phlogiston, 5 


ICXnAND BPAB, 626 
Ideal gas, 127 
Ilmenite, 697 
Incandescent mantles, 897 


Indicators^, 449 

Indigo, oxidation of, 243 

Indium, 678 

Ink. C34 

lodimotry, 249 

Iodine, 158 

prof>crtics of, ICO. 161 
dissociation of, 162 

— monochloride, 172 

— pontoxide, 186 
~ preparation, 100 
^ totroxide, 18S 

— trichloride, 172 

Ionic equilibrio, 431 ; ofTcct of ojeoas 
of ono ion, 432 

— theor>% 410, 411 ^ 

laiiisation, dogroo of, 423 

— in solution, 410 

— modes of, 420 
Ions, migration of, 420 

— number of, 421 

— properties of, 430 

_ speed of migration of, 421 

Iridium, 647 
Iron, 627, 030 

— alum, 637 

— carbonyl. 039 

— cast or pig, 626 

_ complex cyanides, 037 

— corrosion, 031 

galvanised, 549 , 

— ore, magnetic, 025, 037 spathic. 

026; 6|>ocular« 625 
^ passive, 631 

— wrought, 627 
Isomeric changus, 361 
Isomers, 137, 361 
Isomorphism, 118 

— atomic weights by, 134 
Isotonic solutions, 401 
IsDtOIHSS, 003 

Joule, 20 


Kainite, 141, 483. 523 
Kaolin, 390 
Kerosene, 306 
Kieselguhr, 393 
Kiesente, 141, 523 
Kinotio molecular theory, 68 
Kipp's apparatus, 80 
Krypton, 276 
Kupfcmickcl, 328, 043 


^SIPDLACIC, 348 
inthanum, 603 
aughing g“- 
ixvoisier, 1* 0, 7, 17, 

• opproximato, 22, 02, 104 

• Avogttdro's, 22, 122 

- Hoyle’s, 01 

- Charles’, 63 ... on 

- of chemical combination, 
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Law of conihinntion hy voliin>o, 22 » 104 

— of conibinifi^ 33 

— of cons<Tvalion of moss. 20 
-cncr^^y, 15 

— of constant composition, 24 

— of constant ion product, 432 

— Dalton's, of partial prepare, 62 

— of Dulong.Petit. 133 

— exact, 22 

tarmlayR, of electrolysis, 4JS 

— <-a.s, 22, Cl 

gMcoiis volumes, 

— (Jralmnrs, of <li/TusJon, 83 

Henry s, of solubility of ^ivses. 111 
Jless*. of constnnt heat suintna- 
tion. 120 

— Isomorpliism, 118 , 134 

— Lo Chutrlicr*8.C8. 107. 143.204, 200 

— of ftlass action, 203 

— MondcldelT’a I’erioclie. 255 

— of Multiple Pronortions, 25 

— of Octaves. Ncwlamra. 255 

— Ostuald’s Dilution, 424 

— of Iteriprocrtl Proportions, 28 

— of Transformation by stops. 310 

— van 't Hoffs, 1U7 
Lead. 587 

— carhonnto, 592 

— dioxide, 593 

dioxide and neeuniulators, 594 • 
and salts, 593. 595 

— halides. 145, 691 

— monoxide and salts, 591 
—■ nitrate. r>92 

— oxides and salts, 688 

— scsquioxidc. 690 

— silver separation. 509 

— siiboxido and salts, 590 

— Biilphale, 692 

— Bulphido, 693 

— tetrachloride. 695 

— totroxido, 696 

— white, 692 

Lo Blanc process, 476 
Lenard raj’s, 663, 665 
Lepidulite, 488 
Lime, 629 

— milk of, 630 

— Quick, 630 

— slaked, 630 
Limoetono, 626, 628 
Limowater, 630 
Linionito, 625 

Liquofoction of gases, 68. 273 

Liouid air. 273 

Litharge, 692 

Lithium. 488 

Litmus, 449 

Lixiviation, 470 

Luminosity of flames, 384, 386 

Maonksia, 623 
Magnesite, 622 


Afncriesium, 622 

— carbonate. 620 

— chloride. 52.5 

— liytlroxule. 524 

— nitride, 523 

— oxiile, 523 

— phosphate. 526 

— sulphate. 525 

— sulphide and hydrosulphide. 523,528 
Magnetite, 625 

Malachite, 499 
Maiiganatos, 619 
Manganese, 013 

— alums, 617 

“ 62. 68. 144. 018 ; suits of, 

ti I o 

heptoxide. 620 

— oxides. 146. 614 

— spar. 013 

— telroxido. 610 

— trioxide. 020 
Manganic oxide. 616 

— salts, 616 
Manganite, 613 
Manganites, 618 
Manganous oxides, 614 

— salts, 014 
Marcosite, 637 
Marsh gas. 367 
Marsh's test. 331 
Masurium, 071 
Malehes. 3l0 
Maj’er. 15 
Mayow, 54 
Meker’s burner, 387 
Molaeonite. 499 

Mendeleoffs Periodic Table, 253 
Mercuric cyaniili-. 558 

— halides. 13. 557 

— nitrate. 559 

— oxide. 557 

— sulphate. 659 

— sulphide. 559 
Mercurous carbonate, 601 

— chloride, 660 

— nitrate. 560 

— oxide, 559 

— sulphate, 660 
sulphide, 561 

Mercurj’, 547, 654 

— amine compounds, 601 

— fulminate, 569 

— peroxide, 602 
salts. 654 

Metal ammonia cathions, 498, 550 
Metalloids, 41 

Metallurgy, principles of, 490 
Metals, 41, 97, 453 

— extraction from ores, 490 

— occurrence of, 458 

— preparation of compounds of, 458 
Methane, 307 

Methods of investigation. 2 
Methj'l orange, 449 
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Mica» 396 

MicroccMinic 8aU» 494 
MipFAtion of ioru* 420 
Minium» 606 
MiApirko), 328 

Mixtures and chomical compounds^ 38 

— AFporation of, 9 
Molar wcighU, 126 
Molecular compound8» 301 
~ theory, 68 

— weighU, 124, 134 ; adja^tmont of, 

120; boiling point method, 406, 
408; freezing point method, 407, 
408; of gaaoH, 123; of dwolvcxl 
BubetanccH, 390-411 
Molybdates, 011 
Molybdenite, 611 
Molybdenum, 611 
Monad, 87 
Monazitc, 663, 697 
Mond proresa for nickel, 358, 043 
Mordant, 573 
Mortar, 533 
Mosaic gold, 587 

NTaphtha, 300 
Naacont action, 82, 184 
Natural pas, 367 
Neodymium, 504 
Noon, 276 

Noaslor^ft reagent, 501 
NoutralUation, 00, 412, 442 
^ ionicallv conaidcrc<J, 442, 449 

— thermaJ cficcts, 412 
Nowlands, 265 
Nickel, 643 

~ carbonyl, 358, 643 

— glance, 326, 643 

— pyrites, 643 

~ separation from cobalt, 644 
Nicolato, 043 
Niobium, 315 
Niton, 050 
Nitrates, 200 
Nitre, 260, 267 
Nitric Bobydrido, 296 
oxide, 290, 300 
NitridoM, 208, 275 
Nitrites, 298 
Nitrogen, 6, 200 
~ active, 269 

— cycle in nature, 288 

— fixation, 200 

— ImJidos, 285 
—’ hydrides, 277 

— it^ide, 286 

— oxides, 287 

— pentoxide, 200 

— peroxide, 297 

— preparation, 267 

— propertios, 268 
~ triciilorulo, 285 

— trioxido, 290 
Nitroglyoerine, 204 


Nitrolimc, 645 
Nitrosyl chloride, 293 

— sulphuric a/'id, 242 
Nitrous anhydruio, 209 

— oxide, 302 

Nomenclature of aciris, 174; ehemU* 
tr>*, 41 ; oxides, 50; periodic 
acids, 187 
Non*metaU, 41, 07 

Occlusion, 82 
Oil gas, 361 

Oil, nydrogenatioQ of, 643 
OloRant gas. 368 
Olefines, 366 
Oleum, 246 
Olivine, 523 
Opal, 393 

Open hearth procoss, 629 
Orpimont, 328, 342 
Orthita, 597 
Ortho-acids, 167 
Orthoclase, 397 
Osmium, 646 
Osmosis, 400 
Osrnotio phenomena, 401 

— pressure, 400 ; abnormal, 427 ; and 

molecular woighU, 404 
Ostwold'a dilution law, 424 
Oxidation, 54, 160 
Oxides, acidic, 57 
omphoteric, 334 
~ basic, 67 

— mixed, 616 

— nomonciuturo, 66 

— proparation of, 458 
Oxygen, 8, 48 

— choice of, os standard, 132 
family of oleinonla, 252 

— from liquid air, 60 

— in air, 48 

^ preparation, 60, 594 

— propertios, 53 
Oxy-acetylone flame, 369 
Oxy^hydrogen flame, 84 
Ozokerite, 360 

Ozone, composition, 103 
preparation, 191 

Palladium, 647 
hydride, 82, 648 
Paraflini, 363 
Paris green, 507 

Parkee dositveriaation process, 609 

Partition, 112 

Patio process, silver, Sll 

Pattinson dosilverisution procoss, 509 

Pentlondite, 043 

Perborates, 568 

Porchioratos, 163 

Periodic law, exceptions to, 201 

Sysiom, applications of, 202; of 
cUtfsification, 264 
Permanent liardneas, 631 
Perznangonates, 620 

YY 
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IVrrrmMfp. r.3J 

rproxulatp'^, 10(> 

r. j.ixid.-s, liiikuii: of. 198 

— I>ri>]»«rati<in c.t tixv^dii from, ol 

J J 17 

V' trtlid'. 4NS 

I’ptn.l, :nni 

rol.Mitii. 30j 
pll. 4 47 
lyifuip. I I 
riionol. 293. 377 
rhenolphthnJcin, 449 
Phlogiston hypothesis. 8 
Phosgene, 3GI 
Phosphntwj. 319 
Phosphides, 313 
Phosphine. 311 

Phosphoniiiin compounds, 314 
Phosphorette<l hydrogen, soo phosphino 
Pho.Hphorite, SOS. 520 
Phosphorus. 305 

— eonunercinl uses, 310 

— hydrides, 311 

— tnnnuffieture. 305 

— oxychloride. 317 

— pcntnhromide. 317 

— pentftchloride, 315 
pentnlluoride. 315 

— pontoxidc. 317 

— rc<l. 307, 308 

— sulphido.s, 320 

— tetroxido, 325 

— tribroinidc, 315 

— trichlori<le, 316 

— trifluoriflo, 315 

— tri-iodido, 316 

— tri-oxide, 322 

— yellow, 307, 308 
Photochemical notion, 355 
Photography, 249, 6U 
Physical change, 12, 37 
Pig iron, 026 
Pitchblende, 012 
Plaster of Paris, 637 
Platinised asbestos, 81 
Platinum. 048 

— as catalyst. 81, 649 

— compounds. 649 
Plumbatcs, 668, 693 
Plumbic chloride, 595 
Phimbites, 588. 601 
Polarisation, 464 
Pollux. 401 
Polonium. 660 
Polybromides, 474 
Polychromntes, 007 
Polyholito, 141 
Polyiodides, 101. 474, 491 
Polymer, 137 

Polymorpbovis seilstnnco 110 210 
Polysulphides, 220. 487 
Porcelain, 670 
Potnssamido, 409 
Potash, 478 


Potassium. 407 

— nhiininiurn sulphate, 574 

— niifimonyl tartrate, 339 

— bicarbonate. 479 
■— bi^ulphato. 184 

— hroini<le. 474 

— rnrhoiirttc, 478 

— enrhoiiyl. 408 

— chlorate. 52. 108. 480 

— ehloririe, 473 

— chromate. 005 

— cyanatc, 486 

— cyanide, 485 

— cuhalti-cyanido. 642 

— cohalti-nUrite. 042 

— cobalto-cyanide, 042 

— dichromoto, 145. 005 

— forricyanide, 638 

— ferrocyanido, 484, 637 

— fluoride, 475 

— hydride. 84. 469 

— hydrosulphide, 487 

— hydroxide. 473 

— iodiitc, 186 

— iodide, 474 

•— i.solation of. 407 
^ nickclo-cyanido. 044 
•— nitrate, 482 

— nil rite, 482 
•— oxitlcs, 469 

— percarbonato. 487 

— perchloralo, 481 

— permanganate, 140, 620 

— peroxide, 470 

— persulphate, 487 

— polybromides. 474 

— polyioilidos, 474 

— pyrosulphute, 4 84 

— silver cyanide, 405, 514 

— sulphate, 483 

— sulphide. 487 

— thiocyanate, 486 
Potential, 421. 402 

— differonco. 421 
discharging, 464 

•— eloctrodo, 460 

Pottery, 670 

Powder, smokoloas, 294 

Prosoodymiuni, 663 

Precipitation, ionic theory of. 433 , 434 

Pressure of tho atmosphero, 61 

— osmotic, 399 

— partial, law of, 62 

— solution, 462 
Priestley, 3, 48 
Producer gas, 359 
Propane, 364 
Properties, orbitrarj’. 8 

— physical, of gases, 00 
•— specific, 8 
Prussian blue, 638 
Puchorite, 344 

Purple of Cassius, 519 
Pyrites, 214, 637, 643 
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PjrroiintimonfttcB. 311 
Pyix'luHito, 013 
Pyrosulplirtt^J** 240* (^^5 

QuALiTATivK atirtlysis and ienio theory• 
433. 434 
Qiiartation. 517 
Quartz. 303 
Quick lime. 530 


RAHlCtES. 89 

R^uiioartive dirtintcgmtion, t>o& 

Radioactivity, 055 
Radium, 050 

— emanation, 659 
Radon, 059 
Ranuuiy. 3, 275 
Rare grtar»a, 276 

K^virtion endothormal, oxothennal, lo 

— velocity and temporoturo, 58 
Realgar, 328, 342 
Roi*r>*HtAUiAalion. 114 

Ro<l lead, 590 

Re<hirtion, 50, 100 

Rofining, electndytic, 464, oOl 

Refrigeration, 279 

Rcfiidtance, 417 

Kevemeil conihuAtion, 389 

Reversible n^ftctioiiB, 85, 152, 200, -.)8 

Rlicciniin, 071 

Rhixlium. 047 

Richter, 2H ^ 

Rot'k Wilt, 473 
Rouge, 635 
RubnlMim, 491 

Rusting of iron, 66, djI 
Ruthenium, 016 
Rutile, 697 


Salttetbe, 160, 190, 467, 482 

— Bengal* 283 
Salt, 67 

— Aciti, 00 

— basic, 00 

— complex, 454 

— double, 456 

— inner. 016 

— mixed, 01 

— normal, 90 
Samarium, 664 
Sarnarskite, 612 
Sapphire, 609, 671 
Soturaiod carl>on compounds. 
Scandium* 603 

Schocle, 48, 141 
Scheelo’a greon* 607 
Scheclite, 011 

Schonite, 141* 407, 483, 6.3 
Science, 4 
Selenium, 261 

Srmi pfnnosblo membrane. 399 
Separation, eloctroinagneiic, 10, 082 
Serpentine, 307 

Sidcriie, 020 


Silica, 393 
Silicane, 390 
Silicates. 396 
Silico-ecetylone, 390 

— •chlorofonn* 302 

— •formic acid. 392 

— -roothan**, 390 
Silicon, 388 

—^ amorphous, 380 

— carbide, 392 

— crvstallinc, 369 

— dioxide, 393 

— halides, 391 

— hydrides. 300 

— nitrides, 389 

^ tetrachloride, 392 

— tetrafluonde, 391 
Silver, 497. 508 

_ ammonia chloride, 013, 

{>ounds, 498 
^ carbonate, 613 

— cleclroplAting* 514 
~ fulminating, 513 
_ hiilidce, 613 

— hydroxide, 612 

— lemi alloys, 609 

— nictallurgy. 609 

— nitrate, 613 


oxide, 107 

— oxides, 612 

~ potassium ryanido, 4oo, oia 

— proTHTtics* 611 

_ Boduuu thiosulphate, 513 

— sub .fluoride, 512 

— sulphate, 614 

— sulphide, 614 
Slag, 490 

_ Thomas* basic, 629 

Slaki;^ lime, 630 
Slip, 670 
Smalt, 04 i 
Smalt ito, 039 
Smitholl’s burner, 382 
Soap, 370 
Sodamido, 280, 469 
Soda water, 353 
Sodium. 467 

— aluminute, 670, 571, 67^ 

— aluminium fluoride, 073 

— amalgam, 409 

— bicarbonate, 480 

— bisuiphnle, 484 
_ bromide, 474 

carbonotc, 476 

— chlorate, 480 

— chloride, 473 
cyanamide, 486 
cyanate, 486 
cyanide, 486 

— diohrotnalo, 146, 

_ hydride, 469 
_ hy<lrosulphide, 487 
_ hydroxide, 470; action 

aluminium, 81 


600 


coro- 


on xino 
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Sodium fiyporti|r)rito. 481 

— hj'poplifwj^hif 

— hyposul|i)>ifo, 2-18 
fluorido. 4Tr> 

— iod»<lo, 474 

— isolation <if, 487 

— nitrAto, 2S7, 482 

— nitrite, 482 

— oxi<le, 4t>0 

— porhorAtc. 568 

— porenrbonato, 487 

— perchlorate. 481 

— poroxi<lo. 51, 470 

— persulphate, 487 

— polybromide, 475 

— polyiodifle, 475 

— properties, 4 68 
~ pjTosulphato, 484 

— ailioate, 488 

— atamiAto, 581, 584, 586 

— fttannite, 581, 584. 585 

' etilphate, 110, 4 88; and hydrogen 
chlorirle, 151, 207 

— eulphido, 487 

— tetraborate, 668 

— thioeyannto, 480 

— thiosulphato. 249, 487 
Softening of water# 032 
Solder# 683 
Solubility# 10, 107 ; 

— curves, 107 ; breaks in, 109, 479 

— of gases, 110 

— prodnrt# 432 ; anti precipitation of 

sulphides, 434 ; and double de¬ 
composition, 433 

— repression of, 433 

— small crystals* 638 
Solution, 72, 113 

— colloiclnl, 71, 395 ; preparation of, 

113,396 

— definition of, 113 

— freezing point of* 407 

— heat of, 107 

— normal, 442 

— of insoluble compounds* 432 

— pressure, 462 

— saturated, 100 
supersaturated, 109 

— vapour pressure of, 405 
Solvay nmmonia-so<la process, 477 
Solvay cell* 472 

Spectra, nl^orption, 491 
Spectroscope, 489 
Spectrum analysis, 489 
Speed of reaction and temnoraturo. 
68 

Spinel, 600* 672 
Stalactites, 631 
Stalagmite’S, 631 
Stannates* 686. 580 
Stannic chloride* 686 
“ hydroxide* 686 

— oxide* 585 

— salts* 581. 686 


Stannic sulphide, 587 
Stannites, 685 
Stannous chlorido» 584 

— hydroxide, 585 

— oxide, 584 

— sulphide, 587 

Starch test for iodine, 149. 162 
Stas, 21, 26 

Staasfurt salt deposits, 141, 159 
Steam* action upon iron, 85, 212 
Steel, 627 

“ Bessemer process, 029 
cementation process, 028 

— crucible process, 628 

— electric furnace procc^w, 630 

— open hearth process, 029 

— tempering, 032 

— tool* 600, on, 612 
Stibine, 331 
Stibnite, 342 
Storage battery, 594 
Strontium, 527 

— carbonate, 628 
haliilas, 536 

^ hydrides, %527 

— hyrlroxide, 621, 530 

— oxide, 529 

—* peroxide, 534 

— sulphate, 621, 537 
Strontianite* 118. 526 
Substitution, 16, 367 
Sugar fermentation, 302 
Suint, 467 
Sulphates, acid, 244 

— normal, 245 
Sulphides, 221, 459 

— classification of, 222 

— precipitation of, 222, 223 
Sulphites* 235 

Sulphocyanidos, see thiocyanates 
Sulphur* 214 

— amorphous* 217 

— bromide, 227 

— chemical properties of, 217 

— chloridp* 227 

— dichloridc, 227 

dioxide* 229 ; oxidising proportteo* 
233 ; reducing properties, 231 

— extraction* 214 

— hoptoxido, 247 

— hexnfiuorido, 227 
•— hj’drides, 218 

— monoclinic, 215 

— plastic, 217 

— rhombic, 215 

— sosquioxido, 248 

— tetrachloride* 227 

— trioxide, 236 
Sulphury! chloride* 246* 316 
Superphosphate* 320 
Suporsaturation* 100 
Sylvine, 141* 467 
Symbols* chemical, 41 
Synthesis* 18, 149 
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Tavt, 823 
TantAlitc, 344 
Tantalum# 34 i 
Tar, cohI, 3T I 
Tartar eniotic, 339 
TcHufiurn* 251 
Temperature. nbAolute. 64 

_ and reaction velocity, 58 

Teini>orory hardness of water, 531 
Thallium, 578 
Theory, 5 

— ionic, 410 

— kinetic, of fiasco, 68 
Therinochcmwtry, 118 

— of oxy-acids of chlorine, 1S4 
Thio-anlimonAtos, 344 

~ •antifnonitoa, 343 
^ •arsenates, 344 
•arsenitcA, 343 
Thiocyanoti's, 378 
Thionyl chloride, 234 
Thomiui’ basic slog, 629 
Thorionitc, 597 
Thorium, 597 
Thulium, 664 
Tin, 582 
Tincol, 664 

Tin oxides and salts, 584 
Tinstone, 582 
TiUinium, 597 
— test for, 197 
Titration, 443 
T.N-T., 294 

Tronsfonnation by ste|>s, 319 
Transition point, 216 
Triiul, 88 
Tridymite, 393 
Tungsten, Oil 
Turnbull's blue, 038 
Typo*mctol, 329 

Ultbamaiuse, 677 

Ultraniicr(jscopc, 70 

UniU of incasuromont, 119 

Unsaturated compounds, 366 

Uranium, 012 

Urnninite, 276 

Urea, 137, 361, 404 


Volume, gram molecular, 126 
_ of gasi intlueiico of toniperalure and 

pressure, 64 
Vulcanisation, 224, 227 

Wasriso soda, 479 

Water, 92 ^ , 

•— action of moUils on, 79 ; on oxides 

57 

— aa electrolyte, 440 ia-i 

— composition by volume, <9, 190 ; 

weight, 100 

— Dumas* Bnalysi*^, 100 

— electrolysis of, 78, 440 

— gas, 359 

^ gloss, 488 

hard, 531 

^ ionisatioo of, 446 
_ Morley’s synthesis, 102 

— occurrence, 92 

— of crystallisation, 07 
^ proofinf^, 575, 012 
^ properties, 03, 06 

— softening, 532 

— vapour pressure of, 95 
Wavcilile, 305 

Weight, atomic, 129 

— combining, 32, 34 
^ equivalent, 32 

gram molecular, 126 
^ molar, 126 
^ inolocular, 124 
Weldon process, 010 
White loml, 592 
Willemite, 547 
Withorito, 118, 626 
Wolfram, 611 
Wollostonito, 641 
Wood distillation, 373, 374 
W*ood*s metal, 320 
Work, 16 
Wulfenite, 011 

X BAYS, 657 
Xenon, 276 

YTTBUDioa, 504 
Yttrium, 563 
Yttrotantalite, 563 


Valehcb, 86, 672 
Vanoiiinite, 344 
VanautuiJi, 344 
Von dor Woals, 66 

Vapour density, measurement of, 74 
_ proMuro, 73; of hydratos, 08; of 
water, 05 

osmotic phenomeno, 40o 
Vaseline, 300 . 

Velocity of chemical reactions, 2Ql 

Verdigris, 5M7 
Vitriol blue, 506 
~ graon, 634 
Vitriols, 552 


Zibhvooel'b silver process, 611 
Zme, 647. 649 

— ammonia compounoi, Ool 

— blonde, 547 

— carbonate, 653 

— halidos, 651 
~ oxide, 651 

— spar, 547 

^ sulphate, 552 
^ flulphido, 562 
Zincatos, 540, 550 
Zincito, 547 
Zircon, 306 
Zirconium 597 



international atomic weights 


Aluminium 

« 

Al 

Ant imony 

• 

Sb 

Argon 

• 

A 

Arsenic 

• 

v\s 

Rnriuiii 


Hn 

Rer\ Ilium 

• 

Re 

Risnnith . 

• 

Hi 

Ihiron 

• 

R 

Rroinino . 

4 

Hr 

< ‘aihnium 

4 

Cd 

C’acsium . 

4 

Cs 

C’a)«‘ium . 


C’a 

C’arlum 

4 

C 

('criuin 

4 

Ce 

Chlorine . 

• 

Cl 

('hroniiutn 

4 

Cr 

Col.alf . 

• 

(\» 

Copper 

a 

Cii 

Uysprosiiiin 
Erl'iuin 
Kurojtiuin 
Fluorine . 
Ciadohnium 
<hilh‘um 
(terinaiiiurn 
Gold . . . 

• 

I)y 

Er 

Ell 

F 

(Jd 

(?a 
. Oo 

Au 

Hafnium 

• 

Hf 

Helium . 

4 

He 

Holmium 


Ho 

Hy<lr<»gen 

• 

H 

Indium 

4 

In 

Iodine 

• 

I 

Iridium . 

4 

Ir 

Iron . . . 

• 

Fo 

Erypfon . 

* 

Kr 

Lanthanum . 

4 

La 

Lend . 

4 

Pb 

Litliiurn . , 

4 

Li 

Lutecium 

4 

Lu 

Magnesium . 

» 

Mg 

Manganese . 

• 

Mil 

Masurium 

• 

Ma 

Mercury . 

* 

Hg 


OxvKt'n = 10. 


2007 
121 70 
30 04t 
74 !U 
137 30 
0021 
200-00 
IO-S2 
70-010 
112 41 
132 01 
40OS 
12 010 
140 13 
33 407 
32-01 
3S-04 
03 37 
102 40 
107-2 
132-0 
10-00 
130-0 
00-72 
72-00 
107-2 
178-0 
4-003 
103 3 
1-0081 
114-70 
120 92 
193 1 
35-84 
82-7 
138-92 
207-21 
0-940 
175-0 
24-32 
54-93 

200-Gl 


Mtjlyhrloruim 
Xoodyniiitm . 

, XoMri . 
j Xit-kol 
' Xiohiiirn . 
Nifrogon . 
Osmium . 
Oxygon . 

Phosphorus . 
Plntimiin. 
Potassium 
Prnsootlymium 

Hftflium . 

Radon 

Rhoiiium 

Uhodlurn. 

Hubidiuni 

Huthoitium 

Samarium 

•Scandium 

Solonitim 

Silicon . , 

Silver 

Sodium . 

Strontium 

Svilpluir . 

Tantalum 

Tellurium 

Terbium . 

Thallium , 

Thorium . 

Thulium . 

Tin - • • • 

Titanium. 

Tungsten. 

Uranium 

Vanadium 

Xenon 

Ytterbium 

Yttrium , 

Zinc .... 
Zirconium , 


Mo 

Nd 

No 

Ni 

Nb 

N 

Os 

O 

P.l 

P 

Pt 

K 

Pr 

Ua 

Rn 

Ro 

Rh 

Rb 

Ru 

Sa 

Sc 

50 

51 
Ag 
Na 
Sr 
S 

Ta 

Te 

Tb 

Tl 

Th 

Tm 

Sn 

Ti 

W" 

U 

V 

Xo 

Yb 

Yt 

Zn 

Zr 


93 91 
144-27 
20-183 
58-69 
92-91 
14 008 
190-2 
16-0000 
106-7 
31-02 
193-23 
39-096 
140-92 
226-05 
222 
186-31 
102-91 
83-48 
101-7 
130-43 
45-10 
78-96 
28-00 
107-880 
22-997 
87-63 
32-06 
180-88 
127-61 
159-2 
204-39 
232-12 
169-4 
118-70 
47-90 
183-92 
238-07 
50-95 
131-3 
173 04 
88-92 
65-38 
91-22 
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